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ABSTRACT 
 
 
The use of standard brain atlases is well established in the MR community, but 
none of the commonly utilised standard brains or atlases, such as MNI305 or 
ICBM152, provide quantitative information. Within the framework of quantitative 
MRI of the brain, which has gained much importance in the last few years, this 
work reports on the development of the first quantitative brain atlas for tissue 
water content. 
 
A fast and reliable method for quantitatively measuring the absolute water content 
of the brain, developed previously in-house, was used and sequence protocols 
were optimised to achieve the highest precision and accuracy of the individual 
measurements. Water content, T1 and T2
* were simultaneously mapped based on 
an acquired series of spoiled gradient echo images with different T2
*-weighting 
(QUTE). Based on the quantitative information of these maps, three brain atlases 
were developed, representative for a young and healthy population with an 
average age of 33.5 + 12.07 years. Data were transformed into a common 
stereotactic space and linearly averaged to form the final atlases. Several 
approaches for atlas formation were extensively investigated and validated. 
 
Subsequently, the quantitative water content atlas was used as reference for the 
comparison of patients with pathological changes in the absolute water content of 
the brain to healthy volunteers. A voxel-wise comparison to the atlas was 
performed, using quantitative water content maps of patients suffering from 
multiple sclerosis (MS) and patients undergoing electro-convulsive therapy (ECT). 
Comparing water content maps of MS patients to the reference water content 
atlas, using a one-sample t-test, led to clearly defined WM lesions. During the 
course of ECT, small changes in the water content were found. 
 
In summary, the first quantitative water content brain atlas in vivo was developed 
in the current work and a voxel-wise comparison of diseases related to a change 
in the brain water content was performed. With the results presented and further 
improvements, quantitative MRI in combination with a quantitative water content 
brain atlas allows for a careful and quantitative interpretation of disease 
monitoring.  
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1. INTRODUCTION 
In the last four decades, magnetic resonance imaging (MRI) has experienced a 
rapid and very exciting development. Since the prediction of the nuclear spin by 
Wolfgang Pauli in 1924, many famous researchers have contributed to develop 
one of today’s most important medical imaging methods, which is primarily used 
for generating sectional high-resolution images of the human body.  
 
The principles of MRI are based on the nuclear magnetic resonance (NMR) effect 
which describes the resonance of nuclei with magnetic dipole moments in a 
magnetic field. Its non-invasive nature derives from the fact that no ionising 
radiation is used and that the interaction between radio waves, used to excite the 
nuclei, and tissue is very weak indeed. In 1970, Raymond Damadian discovered 
the basis for using magnetic resonance imaging as a tool for medical diagnosis. 
He found that different kinds of animal tissue signals decay with different 
relaxation times, and that cancerous tissue has much longer relaxation times than 
noncancerous tissue. However, modern MRI is based on the independent 
discoveries made by Paul Lauterbur and Peter Mansfield in 1973; both 
demonstrated the use of superimposed magnetic field gradients to encode spatial 
information. For their work Lauterbur and Mansfield were honoured with the Nobel 
Prize in Medicine in 2003.  
 
Over the years, MRI has developed to encompass a wide range of applications. 
Initial clinical imaging was extremely difficult, time-consuming, and often 
disappointing. Early MR images were mainly based upon proton-density 
differences and later upon differences in T1 weighting. Today, however, MRI is 
used for many different applications, ranging from NMR spectroscopy to 
investigate the composition and physical structure of tissue, to functional imaging 
to examine neuronal activity and high-resolution anatomical imaging. 
 
In the last few years, novel quantitative MRI (qMRI) approaches have gained a lot 
of attention. Especially for human brain imaging, qMRI is an attractive method to 
study changes in the brain caused by diseases. Compared to conventional 
qualitative (non-quantitative) MRI, it provides an unbiased measurement method 
and allows for more straightforward statistical modelling. By applying qMRI 
correctly, large national or even international multi-centre studies can be more 
directly compared as well as longitudinal experiments for precise disease 
evaluation. Especially, degenerative but non-deadly diseases such as multiple 
sclerosis (MS), which has an onset in the early decades of life, might be much 
more accurately monitored and investigated in order to better understand e.g. the 
coherence of lesion burden and physical disabilities, and especially their long term 
behaviour. Quantitative measures of relaxation parameters, such as T1 and/or T2, 
could provide a good basis for the detection of cerebral abnormalities in many 
diseases, potentially even at an earlier stage  
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than using standard imaging methods as significant confounding effects of 
conventional approaches are explicitly corrected in qMRI. 
 
Furthermore, treatment trials of new drugs using qMRI might be beneficial for the 
pharmaceutical industry. By quantitatively evaluating the results, the physical 
mechanism of new drugs and possible side effects, short or long term could 
potentially be better understood.  
 
Technical progress, notably in the medical field leads to an ever-aging population 
and therefore to an increased need of diagnostic tools and therapy possibilities.  
For example, the instances of neurodegenerative diseases such as Parkinson’s 
disease (PD) or Alzheimer’s disease (AD) are rapidly increasing and morphometric 
methods to perform voxel-wise comparisons of healthy and diseased brains are 
common tools in neuroscience. The approach of defining healthy standard brain 
atlases as a basis for the comparison of non-healthy brains has a long history. 
Based on the science of phrenology in the early 19th century, many approaches to 
map the human brain were developed. Nowadays, the use of such standard brain 
atlases is well established in the MR community, but none of the commonly 
utilised standard brains or atlases provides quantitative information. Standard 
brains, such as MNI305, a brain template from the Montreal Neurological Institute 
(MNI) reflect average neuroanatomy and provide the basis for a growing and 
evolving digital brain atlas. They allow for a good comparison of structure and 
volume, which can easily be derived by automated methods such as voxelbased 
morphometry (VBM).  
 
The work in this thesis is based on the combination of the quantitative MRI 
imaging and human brain mapping. Since many diseases are related to 
pathological changes of the water content, a quantitative measurement can 
provide significant information about the physiological hydration status at any 
given time. Especially for widespread diseases, such as MS, which is the most 
frequent neurological diseases amongst young people, quantitative imaging might 
provide earlier diagnosis and accurate stage monitoring of the disease and may 
therefore lead to more precise therapy and treatment. For example, it has been 
previously reported that the water content of MS lesions in white matter (WM) is 
approximately 8% higher compared to that of healthy WM (Laule, Vavasour et al. 
2004; Wirtz 2008). 
 
A fast, precise and accurate method for a quantitative mapping of absolute water 
content of the human brain in vivo has been developed over the past few years in 
Jülich which is of relevance for many diseases and has been specifically applied to 
hepatic encephalopathy (Shah 2008). As noted above, using the water mapping 
methodology developed in-house, mapping of cerebral water content and 
development of a corresponding atlas was the main focus of the current work. In 
MS a direct comparison to a standard water content atlas of the human brain, 
acting as a reference tool for “normal” values, might provide more reliable results 
for lesion detection and evolution, which are then more objectively comparable in 
the long and mostly degenerative clinical course of individual patients. 
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Therefore, the following work describes the development of a quantitative water 
content brain atlas and its voxel-based comparison to the water content maps of 
MS patients. Furthermore, a preliminary study with two patients undergoing electro 
convulsive therapy (ECT) is presented.  
 
Chapter 2 provides a basic introduction into the theory of NMR which is based on 
the quantum mechanical description of nuclear magnetic resonance. Furthermore, 
the coherence between relaxation and molecular motion and its underlying 
microscopic mechanism are explained in some detail.  
 
In Chapter 3, a brief overview of MRI is given and the pulse sequences used for 
the work presented are described. The basic principles of the method to 
quantitatively map the water content of the human brain are described in the 
second part of Chapter 3. 
 
Chapter 4 reviews current approaches to VBM and explains the spatial processing 
steps such as normalisation and coregistration which form a prerequisite for the 
development of the quantitative water content brain atlas.  
 
The main part of the work, the development of the water content atlas, is 
described in Chapter 5. The first part of this chapter describes the optimisation 
process applied to individual measurements, in order to precisely and accurately 
measure the absolute water content in the brain. In the second part, several 
approaches to produce a water content atlas are presented and discussed. 
 
Although the major trust of the work presented here was the optimisation of the 
image acquisition protocol and the production of the first quantitative water atlas of 
the brain, this work would not be complete without some indication of the 
usefulness of the atlas for the investigation of brain pathology. 
 
The last two chapters entail two possible applications of the newly developed 
water content atlas. Chapter 6 shows the comparison of several MS patients to 
the final atlas. Furthermore, longitudinal results of MS patients during a therapy 
with Natalizumab (Tysabri) are presented. 
 
It is noted here that the results presented in chapters 6 and 7 are very much of a 
preliminary nature and hence over-interpretation of the data is to be avoided. 
Ongoing studies in both MS and ECT will be completed and evaluated; this work 
forms the future prospects arising from this thesis. 
 
In Chapter 7, preliminary quantitative measurements of two patients suffering from 
severe depression, at different time points before and after ECT are shown. 
 
In Chapter 8 overall conclusions arising from the newly developed quantitative 
water content brain atlas, its applications and future developments are presented.
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2. THEORY OF NMR 
The theory of NMR has been described extensively in the past. Therefore, this 
chapter depicts only a very basic view of the theory of NMR that is necessary to 
understand the work presented herein. A more detailed description of the theory of 
NMR is beyond the scope of this thesis and can be found elsewhere (Abragam 
1983; Haacke 1999). 
2.1.  Nuclear Spins and Magnetic Moments 
Every atomic nucleus with an odd number of protons and/or neutrons possesses a 
spin angular momentum  !
"
I , where  !  is Planck’s constant 
( ! = h / 2! = 1.055 "10
#34
Js ) and  
!
I  the quantum mechanical spin operator. 
Associated with the spin is a magnetic dipole moment 
 
!
µ , which is proportional to 
the angular momentum 
 
 
!
µ = ! ""
!
I ,        (2.1) 
 
where ! is the gyromagnetic ratio (characteristic constant for each nucleus). 
 
Compared to the magnetic moment of electrons, the magnetic moment of the 
proton 
 
!
µ
p
is very small (
 
!
µ
p
=
!
µ
e
1836
). However, it plays an important role in the 
theoretical and experimental investigation of nuclear structure. An important 
application of magnetic moment of protons, based on their interaction with 
electromagnetic fields, is the nuclear magnetic resonance effect, the physical 
basis for the magnetic resonance imaging technique. 
 
For MRI, the hydrogen nucleus 1H with spin quantum number I=1/2 is the nucleus 
of primary interest. This is because protons are the most abundant nuclei in 
biological tissue and have the largest gyromagnetic ratio of 
 
! = 42.58  of all stable 
nuclei. 
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2.2. The Quantum Mechanical Description of NMR 
The quantum mechanical description of elementary particles introduced by Dirac 
in 1928 (Dirac 1928a; Dirac 1928b), predicts the presence of an angular 
momentum, or spin. This spin can be characterised by the spin operator  
!
I  and all 
particles with non-zero spin quantum number posses a magnetic moment as 
described in chapter 2.1. 
The property of the electron spin was observed six years earlier by Stern and 
Gerlach (Gerlach 1922). By passing a beam of neutral atoms through a non-
uniform magnetic field they observed the effect of half-integral angular momentum 
which could not be explained by the previously accepted Bohr model. 
 
In a space free of any magnetic field, all orientations of the spin and therefore the 
magnetic moment 
 
!
µ = !
!
I  have equal probability, as the energy does not depend 
on the particle orientation in this case. In contrast, when located in a magnetic 
field, the additional potential energy term 
 
 
 
E = !
!
µ
l
!
B
0
        (2.2) 
 
results in an energetically preferred state where spins align parallel to the 
magnetic field. If 
 
!
B
0
points along the z-direction, the corresponding interaction 
Hamiltonian can be written as 
  
 
 
H = !µ
Z
B
0
= !" !B
0
I
Z
,   (2.3) 
where IZ is the z-component of the quantum mechanical spin operator. As IZ and 
the Hamiltonian commute, i.e. [H, IZ]=0, energy-eigenstates are given by spin 
eigenstates, denoted by ul,m with the corresponding eigenvalues 
 
E
m
= !" !B
0
m,    m = I, i !1,...! I      (2.4) 
  
Here, m is the eigenvalue (quantum number) of IZ which can take values between 
–I and +I. The interaction  Hamiltonian therefore produces a set of Zeeman energy 
levels determined by m. This Zeeman splitting is shown in Figure 1 for the case of 
I = 3/2. The energy difference between adjacent energy levels m and m', where 
m'=m±1, is given according to (2.4) by  
 
                       
 
!E
m,m+1
= +" !B
0
.     (2.5) 
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Figure 1: Zeeman energy levels for a spin 3/2 nucleus in a static magnetic field, B0 
Transitions between the different energy levels can only be induced by an 
additional time-dependent electromagnetic field which interacts with the magnetic 
moment resulting in the effect called magnetic resonance. The most commonly 
used method for magnetic resonance excitation is a coupling to an alternating 
magnetic field which is aligned perpendicular to the static field. 
In the matrix operator formulation this results in an interaction Hamiltonian which 
contains non-zero matrix elements connecting the initial and final states. For 
example, for the I=1/2 the corresponding states are 
 
+
1
2
=
1
0
!
"
#
$
%
& '
1
2
=
0
1
!
"
#
$
%
& .     (2.6) 
The unperturbed operator IZ, which is the z-component of the angular momentum 
operator, does not contain any off-diagonal elements, namely 
   
 
I
Z
=
1 0
0 !1
"
#
$
%
&
' .        (2.7) 
Perturbation theory predicts a perturbing term to the unperturbed interaction 
Hamiltonian which is given by 
 
H
P
= !" !(H
X
I
X
+ H
Y
I
Y
), with the rotating field 
 
H
x
= B
1
cos! t,H
y
= B
1
sin! t  of an amplitude B1. Given the definition of Ix and Iy 
(see e.g.(Sakurai 1985)), only off-diagonal matrix elements play a role in mediating 
transitions between two states |+> and |->.  
Furthermore, neglecting higher order perturbation terms, such a time-dependent 
perturbation of frequency # can only induce transitions between neighbouring 
states, i.e. states separated by an energy interval 
 
!E = !"
0
, if the resonance 
condition is met (Abragam 1983). The latter point requires that % is in the vicinity 
of %0. 
The maximum excitation amplitude is therefore obtained at a frequency of %=%0 of 
the oscillating excitation field and is given by  
 
!! = "E = # !B
0
,     (2.8) 
which is exactly the Larmor frequency 
 
!
0
= "B
0
. In this basic equation of  
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magnetic resonance, Planck’s constant, 
 
!,  is eliminated. 
An analytical solution for the transition probabilities between spin-up and spin-
down state in a I=1/2 system is given by Rabi’s formula (Abragam 1983; Sakurai 
1985) which will be briefly described in the following. 
If the polarising magnetic field B0 points along the z-axis and the oscillatory 
excitation field B1 rotates in the xy-plane, let p+ and p- denote the probabilities of 
finding the spin in the states described by equation 2.6. The resulting expectation 
value of IZ is therefore given by 
 
I
Z
=
1
2
p
+
! p
!
( ) =
1
2
1! 2p
!
( ) .      (2.9) 
Starting with all spins in the upper state at time t=0, i.e. p+=1, p-=0, the probability 
for the spins to be found in each of the two states at a later time point, t, is given 
by 
 
p
+
t( )
2
=
! 2 / !2
! 2 / !2 + (" #"
0
)2 / 4
sin
! 2
!
2
+
" #"
0( )
2
4
$
%
&
&
'
(
)
)
1/2
t
*
+
,
-
,
.
/
,
0
,
 (2.10) 
 
p
!
t( )
2
= 1! p
+
t( )
2
.  (2.11) 
  
  
 (2.11) 
The probability for finding a spin in either upper or lower energy state possesses 
an oscillatory time dependence with angular frequency, 
 
 
! =
" 2
!
2
#
$%
&
'(
+
() *)
0
)2
4
. (2.12) 
At resonance, % ) %0, the amplitude of the oscillation is maximised (Equation 
2.12). 
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2.3. Boltzmann Statistics 
If a group of spins (I=1/2) is placed in a magnetic field, each spin takes one of the 
two possible orientations: spin-up or spin-down. The energy difference between 
those two states is given by equation 2.5. This energy difference, $E, is equal to 
the energy which has to be applied to the system in order to achieve transition 
from the lower to the higher energy state. Such a transition is normally induced by 
interactions with other spins or the so-called ‘crystal’ lattice. From the excited 
state, spins can relax to the ground state by emitting a photon with energy $E.  
 
Quantum mechanics requires that all magnetic moments are found in exactly one 
of the two energy eigenstates. Therefore the magnetic polarization is determined 
by the differences in population of the energy levels. In practice the lower energy 
state is slightly more populated and the population difference between both states 
is given by the Boltzmann distribution 
 
 
 
N
!"
N
!!
= e
#
$E
kBT = e
#
% !B
0
kBT ,      (2.13) 
 
where T is the temperature in Kelvin, 
 
N
!!
 the number of spins aligned parallel to 
 
!
B
0
 and 
 
N
!"
 the number of spins aligned antiparallel to the field. This population 
difference yields the effective magnetic polarization of a sample and therefore the 
number of spins which can effectively excited by magnetic resonance. 
Consequently, the resulting signal at room temperature is proportional only to a 
small spin population difference 
 
 
 
!N = N"" # N"$ = N0 1# 2
1
1+ e
% !B
0
kBT
&
'
(
(
(
)
*
+
+
+
.  (2.14) 
 
As the population ratio is temperature dependent, the measurable signal also 
depends on temperature. At a temperature of T=310K (body temperature) and a 
magnetic flux density of 1.5 Tesla (T), the effective population difference given by 
equation 2.14 is only two parts per million (ppm).  
 
Theory of NMR    
 
10 
 
Following the theory of Boltzmann, the equilibrium magnetisation M0 can be 
computed. In the presence of B0 it can be shown that  
 
 
M
0
=
n! 2!2I(I +1)B
0
3kT
,  (2.15) 
 
where n is the number of nuclear spins per unit volume (Nishimura 1995). 
Applying a B0 field along the z-direction creates a net magnetisation M0, according 
the tendency of the spins to preferably align along the direction of the applied field.  
 
2.4. Relaxation Processes 
2.4.1. Bloch Equations 
The Bloch equations (Bloch 1946) are a phenomenological set of differential 
equations to describe the time dependency of magnetisation vectors. The set 
describes both the effect of precession of the net magnetisation, M, about an 
external magnetic field vector (static and RF) as well as relaxation processes. The 
time-dependent behaviour of the three magnetisation components Mx(t), My(t) and 
Mz(t), can be expressed using the Bloch equations in the laboratory frame as: 
 
 
dM
X
(t)
dt
= ! M
Y
(t)B
0
"M
Z
(t)B
1
sin(# t)$% &' "
M
X
(t)
T
2
   (2.16) 
 
dM
Y
(t)
dt
= ! M
Z
(t)B
1
cos(" t) #M
X
(t)B
0
$% &' #
M
Y
(t)
T
2
   (2.17) 
 
dM
Z
(t)
dt
= ! M
X
(t)B
0
sin(" t) #M
Y
(t)B
1
cos(" t)$% &' #
M
Z
(t) #M
0
T
1
.  (2.18) 
 
The terms in the brackets describe the precession of Mx and MY around B0 as well 
as the interaction of MZ with the time varying B1 field. The terms on the right hand 
side of the equation describe the relaxation processes of all three magnetisation 
components. Whilst the reestablishment of the magnetisation parallel to the 
magnetic field is governed by the longitudinal relaxation time, T1, the decay of 
transverse magnetisation is described by a transverse relaxation time, T2, where 
T2 is always shorter than or equal to T1. In liquids, e.g., T2 is close to T1, whilst in 
solids it is much shorter (Bluemich 2000). These relaxation processes will be 
discussed in more detail in the following section. 
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2.4.2. Radio Frequency Excitation 
 
 
Applying an RF pulse at resonance frequency, the spin system absorbs the 
complete energy. As depicted in Figure 2, the net magnetisation M is moved from 
equilibrium position under the influence of the RF field by an angle  
 
                      
 
! ="
1
t
p
= #B
1
t
p
,  (2.19) 
 
where tp is the duration of the pulse. The axis of rotation depends on the phase of 
the RF pulse applied. 
 
 
Figure 2: The net magnetisation is moved from the equilibrium position along the z-axis in 
accordance with the applied RF pulse. The flip angle, !, depends on the pulse strength and its 
duration. 
 
After the RF pulse has been applied, the magnetisation rotates back to equilibrium 
in accordance to the Bloch equations (2.16-2.18). The longitudinal component 
builds up to its equilibrium value due to spin-lattice interactions and the transverse 
component emits the signal, the so-called free induction decay (FID) which is a 
voltage induced in the receiver coil. 
 
Finally, the signal equation integrates over the complete sample within the coil, 
assuming a perfectly uniform coil: 
 
 
S(t) = c M
xy
(
!
r ,t) d 3r
Coil
Volume
! .  (2.20) 
 
Here, Mxy(r,t) is a variable of time (t) and space (r). 
Theory of NMR    
 
12 
2.4.3. Relaxation Times 
After RF excitation, the spin system returns to the thermal equilibrium state (MXY = 
0, MZ = M0). This process is called relaxation. Due to different underlying physical 
mechanisms, it is necessary to distinguish between two relaxation processes: 
 
• relaxation of the longitudinal magnetisation, MZ, which is characterised by the 
longitudinal or spin-lattice relaxation time, T1, and 
• relaxation of the transverse magnetisation, MXY, which is characterised by 
the transverse or spin-spin relaxation time, T2.  
 
Solving the Bloch equations 2.16-2.18 shows that the relaxations processes can 
be described using exponential functions with time constants T1 and T2 
respectively; these will be described in more detail in the following.  
 
 
2.4.3.1. Spin-Lattice (Longitudinal) Relaxation  
 
The longitudinal relaxation process involves exchange of energy with the 
surrounding environment (the so-called lattice) and is therefore also termed spin-
lattice relaxation. The equation governing the behaviour of the longitudinal 
magnetization as a function of time, t, after excitation is given by (see also 
Equation 2.16): 
 
 
 
dM
Z
dt
= !(M
Z
!M
0
) /T
1
,  (2.21) 
 
with the corresponding solution 
 
 
 
M
Z
= M
0
+ (M
Z
(0) !M
0
)exp(!t /T
1
).   (2.22) 
 
Figure 3 shows the exponential recovery of the longitudinal magnetisation to its 
equilibrium value 
 
M
Z
= M
0
.  
The relaxation time T1 is defined as the time required for the longitudinal 
magnetisation MZ to reach 63% of the equilibrium value M0 after a 90°-pulse 
excitation has been applied. For protons in dielectric materials, T1 typically ranges 
between 0.1 and 10 seconds at room temperature. 
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Figure 3: Longitudinal relaxation of magnetisation. After excitation using a 90° pulse, the 
longitudinal magnetisation relaxes to the equilibrium value MZ=M0. The temporal development is 
characterised by the relaxation time T1. 
 
In order to maximise the signal intensity in an MR experiment, the longitudinal 
magnetisation should have ideally fully recovered prior to a subsequent excitation. 
Unless a measurement is performed which obeys this criterion, knowledge of the 
T1 relaxation time of the examined tissue is important in many applications, 
including spectroscopic measurements or the absolute quantification of 
metabolites or absolute water content.  
 
 
2.4.3.2. Spin-Spin (Transverse) Relaxation  
 
The transverse relaxation is phenomenologically described by the following term in 
the Bloch equations 2.17 and 2.18 (Bloch 1946) : 
 
 
 
 
dM
XY
dt
= !
M
XY
T
2
.   (2.23) 
The corresponding solution is given by an exponential function with time constant 
T2 
 
 
M
XY
(t) = M
0
exp(!t /T
2
).      (2.24) 
   
Figure 4 shows the exponential decay of the transverse magnetisation to its 
equilibrium value 
 
M
XY
= 0.  
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Figure 4: Relaxation of the transverse magnetisation. After excitation by a 90° pulse, the transverse 
magnetisation relaxes to the equilibrium value MXY=0. The temporal development is characterised 
by the relaxation time T2. 
 
The relaxation time T2 is the time in which the transverse magnetization, MXY, 
reduces to 37% of its initial value.  
At a macroscopic level, the transverse relaxation process can be described using 
simple physical arguments. The transverse magnetisation can be separated into 
different spin isochromats (spins which experience the same effective magnetic 
field), where the differences result from fluctuating local additional magnetic fields 
and lead to precession at slightly different Larmor frequencies. Immediately 
following excitation, all components are aligned along a given direction; shortly 
thereafter, some components precess faster and others slower. This results in a 
dephasing of the components and the transverse magnetisation, being a vector 
sum, decreases. 
 
Transverse relaxation is also called spin-spin relaxation as no transfer of energy 
between the nuclear spins and the surrounding lattice is involved. Field 
fluctuations contributing to the spin-spin relaxation process may accordingly have 
frequencies different to the Larmor frequency. Furthermore, a static (time constant 
of the magnetic field variations >>T2) spread in the resonance frequency due to 
larger B0 inhomogeneities will further randomise the phase relation of the 
components of different isochromats. The spread of the resonance frequencies 
&%0 is related to the observed transverse relaxation time T2
* as follows: 
 
 
1
T
2
*
=
!"
0
2
.  (2.25) 
 
The effective transverse relaxation time T2
* observed in an MR experiment is 
composed of the transverse relaxation time T2 and an additional component, T2
’, 
that is due to static inhomogeneities of the magnetic field: 
 
 
1
T
2
*
=
1
T
2
+
1
T
2
'
. (2.26) 
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The signal detected during the natural relaxation process is called FID and is 
governed by T2
* rather than T2 relaxation. T2
* is always less than or equal to T2. 
The net magnetisation in the xy-plane relaxes to zero and the longitudinal 
magnetisation grows until the full M0 is recovered along z.  
2.4.4. Ernst Formula 
As will be presented later, a FLASH (fast, low-angle shot) like sequence named 
QUTE (Quantitative T2
* Image) is mainly used for the work presented here (see 
Chapter 3). The use of this sequence necessitates a brief introduction to the Ernst 
equation. For more detailed information the reader is referred to Ernst et al. (Ernst 
1987). 
Employing a sequence with constant TR and constant flip angle, !, such as in 
QUTE, and after a sufficiently large number, n, of RF pulses, a steady state of the 
magnetisation evolves. Let Mz
-(n) and Mz
+(n) denote the longitudinal magnetisation 
before and after the n-th RF pulse, respectively. The longitudinal, steady-state 
magnetisation is therefore by definition constant before subsequent pulses: 
 
 
M
SteadyState
= M
Z
!(n +1) = M
Z
!(n).  (2.27) 
 
Under the assumption that T2<<TR, the transverse magnetisation before the n-th 
pulse is zero. Therefore, the RF pulse only rotates the longitudinal magnetisation: 
 
 
M
Z
+(n) = M
Z
!(n) "cos(#).  (2.28) 
 
According to Equation (2.28), within one TR the magnetisation evolves to  
 
 
M
Z
!(n +1) = M
0
+ (M
Z
+(n) ! M
0
) "exp(!TR /T
1
).   (2.29) 
 
Combining Equations (2.27- 2.29) and using the abbreviation E1= exp(-TR/T1), the 
steady state longitudinal magnetisation is 
 
 
M
SteadyState
=
M
0
(1! E
1
)
1! cos(") #E
1
.  (2.30) 
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Therefore, the transverse component, Mxy, at the echo time, TE, after the RF pulse 
is  
 
 
M
XY
= M
0
1! E
1
1! E
1
cos(")
sin(")exp
!
TE
T
2
*
 (2.31) 
 
which is known as the Ernst Formula. 
2.4.5. Relaxation and molecular motion 
In order to fully understand the relaxation behaviour of water in biological systems, 
it is necessary to examine the different states of water in biological systems and 
their influence on relaxation times. In general, most biological systems, such as 
the human body, consist of 70-90% water which can be divided into an 
extracellular (ECW) and intracellular component (ICW). To actively participate in 
biological processes, water either interacts with biological macromolecules to form 
a hydration layer (usually 1-3 layers thick) which is involved in processes such as 
metabolism or biosynthesis or acts as a solvent and/or transport medium 
throughout the biological system. Importantly, the special properties of the so-
called ‘bound’ water pool enable a differentiation of tissues by NMR due to the 
direct influence of bound water on relaxation properties. The bound water 
molecules are either single or double hydrogen bonded to proteins or the cellular 
surface (Mathur-DeVre 1984).  
 
These special interactions of water and biological macromolecules exert a strong 
influence on the relaxation times of water molecules in biological systems (Mathur-
DeVre 1984). There are several characteristics of hydration water which play a 
crucial role in this context such as restricted motion and partial orientation of water 
molecules, multiple frequencies of motion, distribution of correlation times, 
anisotropic diffusion and rotation. These properties of water near the surface of 
macromolecules result in time-dependent, local magnetic field fluctuations which 
influence the relaxation mechanisms and therefore provide valuable information 
about the molecular states and dynamic structure of water at macroscopic and 
microscopic levels (Mathur-DeVre 1984). 
 
 
2.4.5.1. Microscopic Mechanism 
 
Nicolaas Bloembergen, Edward Mills Purcell and Robert Vivian Pound proposed 
the so-called Bloembergen-Purcell-Pound theory (BPP) in 1948 (Bloembergen 
1948). By taking into account the effect of the tumbling motion of molecules on the 
local magnetic field distribution, the BPP theory explains the relaxation process in 
the rapid motion or the so called extreme narrowing limit (Callaghan 1991). 
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As previously described, fluctuations of the local magnetic field are due to 
molecular motion and can be decomposed as 
 
B
!"
(t) = B
x
(t)i
"
+ B
y
(t) j
"
+ B
z
(t)k
"
 
according the x-, y- and z- directions. In order to describe the underlying 
microscopic mechanism, a simple isotropic rotational diffusion model has been 
introduced: 
 
 
G(! ) = B(t)B(t + ! ) = B(t)2 exp("! / !
c
)  (2.32) 
 
where !C is the correlation time and G(!) is the so-called exponential auto-
correlation function and the brackets <> indicate the averaging process over 
different times, t. The correlation time can be regarded as the average time 
between molecular collisions of molecules. Fourier transforming the correlation 
function, G(!), the real part of the spectral density function,  J(! ) , can be derived 
as follows: 
 
 
J(! ) = B(t)2
"
C
1+! 2"
C
2
.  (2.33) 
 
If the dominating physical interaction mechanism is known, the time-dependent 
field, B(t), can be substituted by the corresponding magnetic interaction term 
which is, in general, anisotropic. Subsequently, the relaxation times T1 and T2 can 
be derived using time-dependent perturbation theory: 
 
1
T
1
= c !J("
0
) + c '!J(2"
0
)  (2.34) 
 
1
T
2
= d !J(0) + d '!J("
0
) + d ''!J(2"
0
), (2.35) 
 
where the coefficients c, c’, d, … depend on the dominating physical process such 
as dipolar or quadrupolar interactions. For the case of I=1/2 and purely dipolar 
interactions, the resulting equations are: 
 
 
1
T
1
=
3
10
! 4!2
r
6
"
C
1+#
0
2"
C
2
+
4"
C
1+ 4#
0
2"
C
2
$
%
&
&
'
(
)
)
 (2.36) 
 
1
T
2
=
3
20
! 4!2
r
6
3"
C
+
5"
C
1+#
0
2"
C
2
+
2"
C
1+ 4#
0
2"
C
2
$
%
&
&
'
(
)
)
.  (2.37) 
 
where r is the average distance of the dipole-dipole coupling and #0 is the 
corresponding resonance frequency. Figure 5 shows T1- and T2- relaxation curves 
as a function of the correlation time !C. In free water (region D in Figure 4) the 
correlation time is very short (%10-12 s) due to the high mobility of water molecules, 
resulting in T1)T2. In the regions B and C of Figure 4, where T1>T2, molecular 
motion is restricted which is the case e.g. in hydration layers and tissue water. The 
variations in T1 relaxation are related to the amplitude of time-dependent 
fluctuating fields J(%) due to rotations of the water molecules. If this  
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amplitude increases then T1 also decreases. When the inverse correlation time, 
1/!C, approaches the resonance frequency, %0, the relaxation process is very 
efficient due to a large probability of inducing spin-flips at %0, resulting in a 
minimum of T1. 
 
Both relaxation parameters, T1 and T2, represent a sensitive monitor of water 
binding properties as T1 and T2 depend on molecular processes such as proton 
transfer, molecular exchange and diffusion of water molecules especially at low 
hydration levels. Rigid structures are presented in region A of Figure 4, where 
T1>>T2.  
 
 
 
Figure 5: Schematic dependence of the relaxation times T1 and T2 on molecular correlation times, 
!C. A) T1 >> T2: rigid structures; B - C) T1 > T2: non-rigid solids (e.g. tissue water); D) T1 = T2: non-
viscous liquids (free water) (Farrar 1971). 
Regions B and C in Figure 4 represent the typical relaxation time regime observed 
in human brain imaging in vivo, where T1 >T2. At 1.5T, e.g., T1 typically ranges 
between 500ms and 3000ms where the smaller values are characteristic for white 
matter whilst the 3000ms value is observed in cerebrospinal fluid (CSF). 
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2.4.5.2 Influences on the relaxation times 
 
As briefly discussed in the previous chapter, the relaxation times T1 and T2 carry 
significant information about the state of tissue water and therefore provide useful 
information for the investigation of different states of biological systems. In a 
biological environment, relaxation times are affected by a number of factors such 
as inherent biological and/or extrinsic physical factors such as the applied 
magnetic field strength (Mathur-DeVre 1984). Typically, a correlation between the 
relaxation times and the water content of biological systems exists as with 
increasing free water content the average correlation  
 
time decreases resulting in an increase of relaxation times (see Region 4 in Fig. 4 
for the & dependence of free water). In the following, different inherent and 
extrinsic factors will be described. 
 
 
• Inherent biological factors 
 
There are three major aspects which play an important role in maintaining the 
water balance in vivo: the total water content, the microscopic and macroscopic 
distribution of water, and macromolecular-water interactions. Changing one or 
more of those factors, e.g. due to disease, can alter the tissue-specific water 
balance in vivo and therefore lead to abnormal values of T1 and T2. 
 
Several biological processes, both normal and pathological, can modify the state 
of water in vivo. Possible reasons for a change in the relaxation times as well as in 
the water content are: changes in the physiological pH-value, different phases of 
cell cycle and cell growth, age and maturation or metabolism (Mathur-DeVre 
1984). There are also physical conditions which might influence the water-balance 
and therefore the relaxation times such as the state of nutrition, alcohol or drug 
abuse or stress. It has been found, that faster growing cells demonstrate an 
increased T1 relaxation time. Such fast-growing cells are possible indicators for 
tumourous tissue (Mathur-DeVre 1984). All these aspects and findings make NMR 
to a very powerful and sensitive tool for detecting normal or pathological tissue 
variations for the purposes of diagnosis in medicine. However, specificity is often 
lacking due to the variety of reasons for altered relaxation times. 
 
 
• Extrinsic physical factors 
 
In general, the T1 relaxation time shows a greater frequency dependency than T2. 
This effect is due to the proportionality of T1 to the components of motion of the 
water molecules at resonance frequency over a certain range (Mathur-DeVre 
1984). Therefore, the proper frequency for maximising the contrast-to-noise ratio 
between tissue types with different T1 has to be selected and care must be taken 
in comparing data from different scanners at different frequencies. 
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Another important aspect is the dependence of both relaxation times on the 
absolute temperature. Especially in vitro, the temperature dependence plays an 
important role due to tissue degeneration at higher temperatures and the 
activation energy for the relaxation processes should be carefully controlled 
(Mathur-DeVre 1984; Tofts 2003). In vivo measurements can also be influenced, 
e.g. due to fever or hyperthermia treatment, which should be carefully considered 
in a proper experimental design. 
Local heterogeneities in the state of tissue water, local field fluctuations and 
diffusion barriers lead to a magnetisation decay curves which can no longer be 
described by a single exponential decay function. Therefore, especially in 
biomedical applications, it is important to determine carefully the relative 
differences between T1 and T2 and possible multi-exponential fractions (Mathur-
DeVre 1984; Tofts 2003). 
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3. THEORY OF MRI 
Magnetic Resonance Imaging (MRI) is an imaging method which is primarily used 
for the generation of sectional high-resolution images of the human body. The 
principles of MRI are based on the NMR effect which describes the resonance of 
nuclei with magnetic dipole moments in a magnetic field (see previous chapter). In 
1970, Raymond Damadian discovered that the structure and abundance of water 
in the human body was the key to MR imaging (Damadian 1971). A few years 
later, Paul Lauterbur and Peter Mansfield used gradients in the magnetic field to 
spatially encode the NMR signal and generated two-dimensional images 
(Lauterbur 1973; Mansfield 1973). This implementation of magnetic gradient 
systems in conjunction with the Fourier transform (Kumar 1975) established the 
starting point for modern magnetic resonance imaging. 
 
In order to employ the effect of nuclear resonance as the basis for an imaging 
method, the signal received from a sample has to be encoded in three spatial 
directions. This is realised by three linear magnetic field gradients Gx, Gy and GZ 
which are superposed on the static magnetic field B0 giving rise to a spatially-
dependent magnetic field 
 
   
 
B(x,y,z) = B
0
+ xG
x
+ yG
y
+ zG
z
      (3.1) 
 
and thus a spatially-dependent nuclear resonance frequency  !(x,y,z) = "B(x,y,z). 
 
Slice selection is a technique to isolate a single plane in the object being imaged 
by exciting only the spins in that plane. To realise this, an RF pulse which only 
excites a bandwidth-limited part of the MR spectrum is applied in the presence of a 
selection gradient GZ along the direction along which the slice is to be selected. 
 
If a field gradient is switched on during data acquisition, the signal contains 
different frequencies depending on the spatial position of the spins. As this so-
called frequency encoding gradient is linear, the spatial position in the x-direction 
is linked linearly to the frequency. In general, an excited volume, V, induces an RF 
signal, SRF, depending on the spin density, *(V), and the Larmor frequency, %(V), 
which has the form:  
 
    
 
S
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To encode the second spatial dimension, a magnetic field gradient, the phase 
encoding gradient, is typically used. This gradient is perpendicular to the 
frequency and slice selection gradient and gives the information about the spin 
density distribution along the y-direction. Both frequency and phase encoding 
gradients are applied only during the free precession period experienced the 
nuclei. 
 
For further details on MR imaging techniques the reader is referred to the well 
known MRI literature (Haacke 1999). 
3.1. K-Space Formalism 
The k-space formalism, introduced in 1983 (Twieg 1983), gives a detailed and 
elegant description of spatial encoding and therefore forms the basis of 
understanding the different imaging sequences in MRI.  
 
After excitation, the nuclear magnetisation precesses with a frequency proportional 
to the magnetic flux density 
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Provided that B0 is homogenous and that relaxation effects are negligible, the 
signal induced by the nuclear magnetisation in the volume V in the receiver coil is  
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where 
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.  
If only a slice with thickness &z has been excited, Equation 3.5 can be reduced to 
two dimensions (xy -plane):  
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and, after a reparametrisation using kx as a variable 
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Because M0 and also M' are proportional to the spin density, *, Equation 3.7 can 
be written as  
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Therefore, the term !(x, y)  can be obtained by an inverse 2D Fourier Transform of 
the function s(kx ,ky )  
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The space spanned by 
 
(k
x
,k
y
)  is called k-space or spatial frequency space of the 
spin density distribution *. If this space is adequately sampled, the spatial 
distribution of the effective spin density can be obtained by a two-dimensional 
inverse Fourier Transform. 
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3.2. Standard sequences 
Only the RF signal which is induced in the receiver coil by the rotating transverse 
magnetisation can be observed in an MR experiment. However, different 
approaches can be distinguished based on the excitation, manipulation and read 
out of the spin system. For data acquisition, the spin system is excited by a series 
of RF pulses, the so-called pulse sequence. A pulse sequence is a complex 
sequence of events involving the switching of RF pulses, magnetic field gradients 
and MR data acquisition. A pulse sequence describes the manner in which the RF 
pulses, which generate the detectable signals, and magnetic gradient fields, which 
provide the spatial encoding of the signals, are applied. In general, a pulse 
sequence can be divided into three parts: the excitation module, switching of the 
gradients and the data acquisition. These three modules are repeated multiple 
times to form an entire imaging sequence during which all the required points in 
the acquisition k-space are measured. By varying the timing of the RF and 
gradient pulses, a weighting of the signal intensity based on several tissue 
parameters such as *, T1, T2 can be generated. In the following, the two 
sequences which were relevant for this thesis are introduced. 
 
3.2.1. Echo-Planar Imaging 
By acquiring a complete k-space data set following a single excitation pulse, echo-
planar imaging (EPI) provides one of the fastest MR imaging methods (Mansfield 
1977). Such a rapid imaging technique (%100ms/slice) helps to reduce motion-
related artefacts and provides insight into dynamic processes such as brain 
activity. On the other hand, EPI is a very demanding technique due to technical 
limitations. During an EPI measurement, large field gradients are employed and 
are switched very rapidly. Other drawbacks are the limited spatial resolution and 
its sensitivity to susceptibility artefacts resulting in geometrical distortions.  
Figure 6 shows the sequence diagram of a gradient-echo EPI (GE-EPI) pulse 
sequence. A selective excitation pulse is used to create an FID signal. To 
generate a train of gradient echoes, a series of bipolar readout gradients (GX) is 
applied and the signal is read out.  
By a blipped phase-encoding gradient (GY), each gradient echo is also spatially 
encoded in the y-direction such that multiple k-space lines can be sampled 
(Bernstein 2004). 
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Figure 6: MR pulse sequence diagram of the EPI sequence. A slice-selective RF pulse is followed 
by a series of readout gradients in x-direction which are accompanied by phase-encoding gradients 
in y-direction to spatially encode the acquired signal in two dimensions.  
 
3.2.2.  Quantitative T2
* Image (QUTE) 
QUTE is a fast multi-slice and multi-timepoint sequence for mapping the T2
* 
relaxation time (Shah 2000). Figure 7 shows the pulse diagram of the QUTE 
sequence, combining a multi-echo FLASH-like acquisition and an EPI-like readout 
train. By combining two fast imaging sequences, the EPI sequence described 
above and the fast low angle shot (FLASH) sequence, QUTE is suitable for rapidly 
mapping the T2
* relaxation time. FLASH is a rapid MR imaging technique invented 
by Jens Frahm and Axel Haase in 1985 (Haase 1986). It combines a low-flip angle 
radio-frequency excitation with a rapid repetition of the basic sequence. FLASH 
uses a spoiler gradient after each echo to destroy any remaining transverse 
magnetization.  
Following a slice-selective RF-pulse (GZ) in the QUTE sequence, the signal is 
phase-encoded for the highest frequency line (Gy) and the first set of two gradient 
echoes is read (Gx). These two gradient echoes can be separated by a waiting 
period, ', and are read with inverted polarity. This most inner loop (Points/2) is 
then repeated until the desired number of echoes has been acquired. Therefore, 
using this method, a large number of points on the T2
* relaxation curve can be 
sampled. The described scheme is then repeated for the highest frequency line of 
all remaining slices in the so-called slice loop. The following step (lines loop) 
acquires the next line in k-space for the desired number of echoes for all slices. 
 
This interleave looping structure increases the effective TReff to TR times number 
of slices (Shah 2000; Neeb 2006a, Neeb 2006b). This fact enables the 
employment of higher flip angles in order to maximise the signal-to-noise ratio 
(SNR). 
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Figure 7: MR pulse sequence diagram of the QUTE sequence (Shah 2000; Neeb 2006a, Neeb 
2006b). After a slice-selective pulse, the signal is phase encoded for the highest line of k-space 
and two gradient echoes are read out. This loop is repeated until the desired number of echoes 
has been acquired. 
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3.3. Water Content Mapping 
The hydrogen nucleus (=proton) is the nucleus of choice in most MRI 
measurements due to its high abundance in biological tissue and its inherently 
high sensitivity for MR imaging. As most of the protons detectable with standard 
MR sequences such as QUTE are located in tissue water, the measured proton 
density (PD), is often directly referred to as the water content in tissue. Usually it is 
expressed in percentage units (Bloembergen 1948) as the percentage of the 
proton concentration in tissue with respect to pure water which is, e.g. in human 
white matter (WM), approximately 70% (Tofts 2003). By employing MR sequences 
with short echo times, TE, and long TR, proton density can be directly measured 
and is directly proportional to the measured MR signal strength. When the 
dominant contribution of the MR signal intensity is due to the protons located in 
water molecules, the proportionality can be used to quantify the absolute water 
content in tissue if hardware imperfections have been properly corrected (Tofts 
2003). 
 
In the current work, the QUTE sequence was used to acquire a series of T2
*- 
weighted images at different TEs. This series of images is then extrapolated back 
to zero echo time by exponentially fitting the measured signal for each voxel to 
determine the tissue equilibrium magnetisation, S0,T2* (tissue). Using that 
parameter, the absolute water content can be derived, since S0,T2* (tissue) is 
directly proportional to the proton density (Neeb 2008). During the measurement, a 
reference probe filled with 100% water needs to be placed in the field of view 
(FoV). By measuring the corresponding equilibrium magnetisation of the reference 
probe, S0,T2* (reference probe), S0,T2* (tissue) can be transferred to a quantitative 
measure of water content by correlating both parameters (Neeb 2008).  
 
Since the measured signal intensity is influenced by several factors such as 
saturation effects or B1 field inhomogeneties, it needs to be corrected in order to 
allow for an accurate quantification of the absolute water content. The following 
correction factors need to be taken into account: 
 
! CTemp:  temperature differences between the reference probe and     
tissue. 
! CB1Inhom: B1 field inhomogeneities. 
! CRec: imperfections of the receiver coil. 
! CT1: signal saturation effects due to T1 differences. 
 
Figure 8 depicts the exact processing chain of quantitative water mapping. 
 
Theory of MRI    
 
28 
 
 
Figure 8: The processing chain of quantitative water mapping. Five MR measurements are 
performed (QUTE-S0,T2, QUTE-T1, EPI(30°), EPIHEAD(90°), EPIBODY(90°)) in order to determine  
S0,T2* and all the required correction factors such as CT1Sat, CB1Inhom, CReceiver and CTemp. 
 
 
In the following subsections, the determination of these factors will be explained in 
detail (Neeb 2008). Based on the extrapolated signal intensity and all relevant 
correction factors, the absolute water content, WMR, is given by 
 
 
W
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Determination of 
 
S
0,T
2
*  
As previously mentioned, the signal decay was determined using the QUTE 
sequence in order to acquire a series of T2* weighted images with different echo 
times which were extrapolated back to zero echo time. The T2* decay is usually 
described by an exponentially decaying function and is caused by spin-spin 
interactions, magnetic field inhomogeneities and susceptibility effects. Its exact 
form depends on the structure of the sources of inhomogeneity that cause signal 
dephasing. If, e.g., a constant linear magnetic field gradient across an imaging 
voxel with constant proton density and perfectly rectangular profile is present, the 
MR signal decay is modulated by a sinc function which depends on the strength of 
the intra-voxel field gradient. Therefore, such modulations need to be properly 
considered for the determination of S0,T2*. 
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Assuming that only linear gradients are dominant, the effective magnetic field 
gradient G(x,y,z) through each voxel was determined by calculating the average  
 
magnetic field offset &B0(x,y,z) between neighbouring voxels using the phase 
information provided by QUTE (Jezzard 1995). The gradient map, G(x,y,z), is then 
used to define an appropriate fitting model for the determination of S0,T2* by 
determining a threshold gradient strength, GT. If G(x,y,z) < GT, the timepoints on 
the decay curve are fitted with a single exponential model. For values larger than 
the threshold, a 3rd order polynomial fit is employed (Neeb 2006a). The gradient 
strength threshold is chosen such that the systematic error by using a exponential 
model to fit a decaying function which is modulated by a sinc function remains 
below 1%. For a more detailed description the reader is referred to Neeb et al. 
(Neeb 2006a; Neeb 2008). 
 
 
Correction of B1 field inhomogeneities 
 
To accurately measure MR parameters such as T1 and tissue water content, it is 
necessary to exactly map the B1 field as inhomogeneities in the B1 field result in a 
spatial variation of the measured signal intensity. The reason for the altered 
intensity is a spatially varying flip angle (FA) throughout the whole volume to be 
imaged. Therefore, it is necessary to determine the exact FA for each voxel. This 
is performed by acquiring two EPI images with different nominal flip angles (30° 
and 90°, respectively) where the relative signal intensity of both measurements is 
a function of the effective flip angle (Mihara 2005). However, especially at higher 
magnetic field strength, it becomes necessary to correct for geometric distortions 
in the underlying EPI images which was performed using the approach proposed 
by Jezzard et al (Jezzard 1995). 
 
 
Correction of temperature differences 
 
Temperature differences between brain tissue (assuming a body temperature of 
37°) and the reference probe need to be corrected because the spin density and 
the magnetic polarisation depend on temperature by a linear relation given, e.g., 
by Lin et al. (Lin 2000). At 1.5T, the effective MR signal changes with temperature 
approximately at a rate of -0.32%/°C. Therefore, the in vivo signal needs to be 
scaled according to the ratio of the temperature of the reference probe and the 
temperature of the brain (body). 
 
 
Correction of receiver coil imperfections 
 
Receiver coil inhomogeneities can be calculated by acquiring a third EPI image 
(FA=90°) using the body coil for transmission and reception and relating this 
measurement to the corresponding EPI data set acquired with the head coil for 
signal reception (Tofts 2003). This correction is performed for each subject 
individually (Neeb 2008). 
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Correction of T1 saturation effects 
 
Even though the effective TR is relatively long in QUTE, the longitudinal relaxation 
does not fully recover within one TR cycle. Therefore, the resulting saturation 
effects need to be corrected as they alter the measured signal intensity. One 
possible solution for this problem is the acquisition of two spoiled gradient echo 
images with different TRs and/or different flip angles allows the accurate 
determination of T1 given that the effective flip angle is known (Tong 1994; Mihara 
2005). By simply performing a second FLASH measurement with a different TR 
and a different nominal flip angle with respect to the first QUTE measurement 
(which was used to determine the equilibrium magnetisation), T1 can be mapped 
as the effective excitation flip angle is known (correction factor CB1Inhom). 
Furthermore, instead of a simple FLASH measurement, QUTE with its capability of 
acquiring multiple time points can be used in order to reconstruct multiple T1 maps. 
This approach allows for a reduction of the random noise component in the 
resulting T1 maps which would otherwise propagate into the water content 
measurement. 
 
In summary, a fast and reliable method to quantitatively measure the absolute 
water content of the brain has been described. To allow for an accurate 
quantification of the water content, several factors which might influence the 
measured signal intensity, need to be corrected. Further, the optimisation of 
sequence protocols (QUTE) to achieve the highest precision and accuracy of the 
measurements, is a indispensable prerequisite and will be described in chapter 5. 
The resulting water content maps form the basis for the development of the first 
quantitative water content brain atlas. 
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4. VOXEL-BASED MORPHOMETRY 
In the last ten years many objective and unbiased techniques have been 
developed to characterise neuroanatomical differences in vivo using structural MR 
images (Mechelli 2005). Whereas in the beginning emphasis was mainly placed 
on the quantification of global parameters such as the weight of brain, nowadays 
more specific questions, such as the reconstruction and calculation of cerebral 
lesions or local volumetric changes due to physiological or pathological changes or 
plasticity of the brain have become more and more the focus of interest (Gaser 
2005). 
 
Basically, morphometric methods deal with the examination of structural brain 
differences and can be classified into two main approaches: the so-called 
deformation-based morphometry, DBM, which employs deformation fields to 
characterise neuroanatomy of different brains and the so-called voxel-based 
morphometry, VBM, employing registration and segmentation methods in order to 
compare the local tissue concentration. 
 
The deformation fields used in DBM result from deforming a brain such that its 
volume and orientation is adapted to a standard brain template. Then, the 
Jacobian determinant of the corresponding mapping function characterises the 
local volume change in every voxel and this can be used for further statistical 
analysis (Gaser 2001). Examining the derivatives of the deformation fields means 
that DBM is a powerful analysis tool for studies in which the main focus is on 
regional tissue change of brain structure; it is, however, computationally very 
extensive. 
 
Looking at the MR literature the majority of publications deals with the so-called 
voxel-based morphometry, VBM, in order to compare brain morphometry in 
different populations. It was successfully applied for the characterisation of local 
brain changes in various diseases such as autism, dyslexia and schizophrenia 
(Draganski 2004; Mechelli 2004; Wright 1995). The comparison on a voxel-by-
voxel basis allows the location of small-scale, regional differences of brain 
structure. This method has been discussed very controversially and therefore the 
following chapter provides a short review of the history of VBM, introduces the 
process flow currently used, and discusses problems and possible sources of error 
(Tittgemeyer 2004). This chapter refers to the medical imaging review of Mechelli 
et al. (Mechelli 2005). 
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4.1. Approaches to VBM 
Using VBM, grey or white matter volume is statistically analysed on a voxel-by-
voxel basis (Ashburner 2000). In 1995, Wright et al. (Wright 1995) published the 
first voxel-wise comparison of grey matter (GM) and white matter (WM) density in 
schizophrenic patients and this formed the basis for the development of voxel-
based morphometric methods. Wright et al. acquired structural magnetic 
resonance images, normalised them to a symmetrical template brain in Talairach 
space, segmented, and smoothed them. By using statistical parametric mapping to 
make inferences about the relationship between grey/white matter density and 
symptoms on a regional basis, they applied a well-known method derived from 
functional MRI. 
 
Based on this standard protocol of VBM, Ashburner and Friston introduced 
advances and evaluations to existing VBM methods and provided a detailed 
description of each processing step (Ashburner 2000). Using the standard 
protocol, e.g. the enlargment of the ventricles of one experimental group due to 
normalisation may also lead to an enlargement of the surrounding GM and WM 
tissue. Because the normalisation process encodes only smooth, low frequency 
deformations, it is difficult to distinguish between the ventricles and the 
surrounding tissue. As a consequence, structural differences arising from the 
ventricles may contribute to a VBM change of GM. 
 
As a result of these problems, Good et al. (Good 2001) performed an improved, 
so-called optimised VBM in 465 normal adult human brains one year later. Based 
on this optimised protocol many VBM studies have been performed in the last 
seven years (Draganski 2004; Mechelli 2004). In the optimised protocol 
segmentation of the raw images is performed before normalisation of the 
segmented raw data of GM and WM to standardised GM and WM templates in 
stereotactic space. For example, if the size of the ventricles in the experimental 
groups differs significantly, it is a major advantage to apply the optimised protocol. 
Performing normalisation before segmentation would, in the case of enlarged 
ventricles, also lead to an enlargement of the surrounding tissue and therefore the 
original ventricular volume could appear as GM volume in the VBM statistics. 
Especially in such a case, segmenting the raw images before normalising them 
ensures that all data entering into statistical analysis are derived either from GM or 
WM respectively. Figure 9 shows the flow diagram of the preprocessing steps of 
standard (left) and optimised VBM adapted from Mechelli et al. (Mechelli 2005). 
Figure 9 shows the flow diagram of the preprocessing steps of standard (left) and 
optimised VBM adapted from Mechelli et al. (Mechelli 2005). 
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Figure 9: Preprocessing steps of the standard (left column) and the optimised (right column) VBM 
protocol. 
 
However, one crucial drawback of this optimised preprocessing protocol is the fact 
that the raw images are segmented in native space even though a priori probability 
maps (GM/WM) in stereotactic space are used. A possible solution for this 
problem is to segment and normalise in an iterative manner, as can be seen in 
Figure 9. 
 
Another major difference between the standard and optimised VBM protocol is the 
use of customised templates in the optimised processing. The standard VBM uses 
the default template of 148 normal data sets of the Montreal Neurological Institute 
(MNI148) (Collins 1994), whilst in optimised VBM study-specific templates are 
created by averaging the spatially processed images of both, patients and controls 
(Keller 2004). Keller et al. (Keller 2004) extensively investigated the difference in 
statistical parametric maps of patients with temporal lobe epilepsy (TLE) by using 
optimised VBM (oVBM) and standard VBM (sVBM).  
 
In the following subchapters the individual steps of the VBM protocol are explained 
in detail. 
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4.2. Segmentation 
Aim of the segmentation process is to accurately separate different tissue classes 
of WM, GM and cerebral spinal fluid (CSF). Because GM structures often have 
similar image intensities to that of WM, it is difficult to distinguish between them. 
Therefore, a good contrast between the different tissues in the MR image is a 
prerequisite to ensure accurate segmentation. For this reason, the magnetisation-
prepared rapid gradient-echo (MP-RAGE) sequence (Mugler 1990) has become 
established as a standard sequence for the acquisition of anatomical images with 
high isotropic resolution, high signal-to-noise-ratio (SNR) and high contrast-to-
noise-ratio (CNR) between GM and WM (Stöcker 2006).  
 
Generally the segmentation procedure is performed in a sequential manner and 
has nowadays been substituted by a more integrated generative modelling 
approach, as described by Ashburner et al. (Ashburner 2005) and Fischl et.al 
(Fischl 2004). Both approaches combine bias correction, tissue classification, and 
nonlinear warping within the same segmentation framework (Ashburner 2005). 
 
Due to a smooth intensity non-uniformity in the MR images which is attributed to 
eddy currents, poor radiofrequency coil uniformity, and patient anatomy (Sled 
1998), bias correction becomes necessary. The main goal of the bias correction is 
to reach the same intensity in the individually segmented tissue partition, GM or 
WM, respectively. For further information regarding bias correction the reader is 
referred to Sled et al (Sled 1998). 
 
To model a non-Gaussian probability density function, the generative approach 
uses a standard technique, the so-called mixture of Gaussians (MOG) (Ashburner 
2005). The different intensities in an MR image can be described by a Gaussian 
probability distribution and can be modelled by a mixture of k Gaussians. This 
fitting involves maximising the probability of observing the i elements of data y, 
given the parameterisation of the Gaussians. The probability density function for 
obtaining a datum with intensity yi that belongs to the k-th Gaussian, assuming 
parameterisation by the mean µk and variance $
2
k is 
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Irrespective of its sensitivity, the prior probability of any voxel belonging to the k-th 
Gaussian is the so-called a priori map 
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According to Bayes rule, the joint probability of cluster k (mixture of K Gaussians) 
and intensity yi  is therefore 
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The assumption that all elements are independent allows the derivative of the 
probability of the entire dataset y,  
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Although this assumption is not fulfilled for brain MR images, but 
 
P(y |µ,! ," )  is 
maximised, when the following cost function is minimised 
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Using such an automated algorithm, segmentation becomes rather difficult due to 
e.g. overlapping intensities, partial volume effects, gradients, motion or unsharp 
edges. Nevertheless, the segmentation process performs very well as can be seen 
in Figure 10. The upper part shows the GM partition in coronal, sagittal and axial 
views, whereas the lower part shows the corresponding WM partition from a T1-
weighted data set of a single subject. 
Voxel-Based Morphometry  
 
36 
 
 
Figure 10: GM (upper part) and WM (lower part) partitions in coronal, sagittal and axial views from 
a T1-weigthed 3D-data set of a single subject after segmentation. 
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4.3. Normalisation 
Basically, normalisation is the process to spatially transform acquired images into 
the stereotactic space defined by a standard template. All images acquired are 
registered to one standard template. The development of standardised brain 
templates, and especially a new template based on quantitative MRI, will be 
discussed separately in chapter 5. Here, the mathematical process of template 
normalisation is reviewed. 
 
The basic framework to be applied in normalisation is based on multimodal image 
coregistration of brain images of the same subject (Ashburner 1997). Ashburner et 
al. (Ashburner 1997) describe a method of intermodality registration of PET 
(positron emission tomography) and MR images. Instead of matching images 
directly, each image is matched separately to a template image of the 
corresponding modality. These template images are already in register. A least-
squares minimisation method is employed to determine the affine transformations 
between the templates and the images. From these constrained affine 
transformations a rigid body transformation, which directly maps between the 
intermodality images, can be deduced (Ashburner 1997). 
 
The theory of coregistration of medical images is based on mutual information as a 
registration measure (Pluim 2003). The mutual information, MI, for two images, A 
und B, is defined as:  MI(A,B) = H(B) !H(B | A).  Computing the probability 
distribution of grey values in image B, the Shannon entropy, H(B), is determined 
(Shannon 1948). From this entropy, a conditional entropy H(B|A) is subtracted. 
H(B|A) is based on the probabilities p(b|a), where a and b are grey values of 
images A respectively B (Pluim 2003). Figure 11 shows an intrasubject-
normalised, mutual information coregistration of the quantitative water maps of 
one subject suffering from MS. Further details regarding MS patient data are 
described in chapter 6. 
 
In most VBM studies, a 12-parameter affine transformation (see coefficients m11-
m34 of equation 4.6) is used to map the individual images to the template. This is 
realised by a Bayesian framework which computes the maximum a posteriori 
estimate on the basis of a priori knowledge of the normal brain size variability.  
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Affine transformation 
 
An affine transformation can be described by a simple matrix multiplication which 
gives the corresponding coordinates of an image to the original coordinates of 
voxels from the initial image. This can be expressed by  
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where x1, x2, x3 describe the coordinates of one point in the original image and y1, 
y2, y3 the coordinates after mapping into another space, respectively. Several 
transformations can be combined to form one single transformation matrix by 
simply multiplying the matrixes together. In general, an affine transformation is a 
linear combination of rotation, translation, shearing and scaling matrices 
(Ashburner 2003). 
 
The second step in the normalisation procedure accounts for global nonlinear 
shape differences. These are modelled by a linear combination of smooth spatial 
basis functions. 
 
 
Nonlinear transformation 
 
Here, it is important to mention that the normalisation process (linear and 
nonlinear) does not aim to match every cortical detail exactly, but compensates 
only for global shape differences. Nevertheless, image registration should be as 
exact as possible and therefore the additional use of nonlinear transformations 
becomes necessary. In 1999 Ashburner and Friston (Ashburner 1999) published a 
framework for performing rapid and automated nonlinear spatial normalisations. 
This approach is based on non-linear warping by using deformations based on a 
linear combination of basis functions (Ashburner 1997). According to this theory 
the transformation from coordinates x to coordinates y in three-dimensional space 
is 
 
 
y
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= x
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j! ,     (4.7) 
 
where bjd(x) is the jth basis function at position x for dimension d and tjd is the jth 
coefficient for dimension d (Ashburner 1997; Ashburner 1999). The basis functions 
of choice here are those of the three-dimensional discrete cosine transform (DCT). 
Similar to the affine transformation, minimisation of the sum-of-squared differences 
between image and template aims to optimise the individual coefficients of the set 
of basis functions. For the case where the image and the template are scaled 
differently, an additional parameter (w) for the minimised function is needed. 
For further details the reader is referred to Ashburner et al. (Ashburner 1997; 
Ashburner 1999).  
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Figure 11: The water maps of a patient suffering from MS at two different time points are 
coregistered to each other in order to investigate possible longitudinal changes (see chapter 6). 
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4.4. Smoothing  
Following segmentation and normalisation, the images are smoothed by 
convolving the GM and WM images with a Gaussian kernel. One important reason 
for applying a smoothing kernel to the data is the compensation for the inexact 
nature of the normalisation process (Ashburner 2000). After smoothing each voxel 
contains an average amount of GM and WM in each voxel and therefore the voxel-
by-voxel statistical analysis that follows becomes comparable to a region-of-
interest approach (Ashburner 2000).  
 
The use of a single lowpass filter such as a Gaussian kernel is based on the 
theory of random fields which becomes necessary to correct for the problem of 
multiple comparisons. By considering a set of statistical inferences simultaneously, 
the multiple comparison problem is likely to occur. In the example of comparing 
two groups, e.g. patients versus controls, hypothesis testing might reject the null 
hypothesis incorrectly. Especially for fMRI or VBM studies where a spatial 
component comes to the inference, the theory of random fields is used to explain 
the smoothing of data and therefore to solve the problem of multiple comparisons. 
Random field theory gives lower statistical P-values if smooth data are used. For a 
very good introduction and overview, regarding random field theory, the reader is 
referred to Brett et al. (Brett 2003). 
 
In order not to reject the null hypothesis incorrectly, the data need to be rendered 
more normally distributed thus increasing the validity of parametric statistical tests. 
This is achieved by convolving them with a 3D-Gaussian kernel. The Gaussian 
distribution function is based on the population standard deviation, (, and the full 
width at a half maximum (FWHM) which describes the width of the Gaussian 
kernel. 
 
The majority of VBM studies use an isotropic Gaussian kernel with 12mm FWHM, 
but at least a kernel size of 8mm FWHM. The filter size strongly depends on the 
size of the region-of-interest that the study aims to investigate, namely, the 
expected regional differences (Ashburner 2000). Arising from empirical experience 
in functional MRI, the widespread rule of thumb is to at least take twice the voxel 
size of the originally acquired data as an effective smoothing kernel size. This 
empirical rule has also been transferred for VBM studies. Jones et al. (Jones 
2005) extensively investigated the effect of the kernel filter size on VBM analysis 
by varying the kernel size from 3 to 16mm. The VBM analysis was performed on 
fractional anisotropy (FA) maps from volunteers and patients. Below a filter size of 
6mm no significant differences between patients and controls were found. 
Increasing the kernel size to 7mm or 8mm led to significant differences in the 
neighbourhood of the right superior temporal gyrus. Further increasing the filter 
size up to 14mm showed other regional differences between patient and controls 
in the left cerebellum. Filter sizes above 14mm filter size concentrated the 
differences mainly on the left cerebellum. For further details the reader is referred 
to Jones et al. (Jones 2005). 
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Importantly, however, it has to be noted that smoothing reduces the accuracy of 
localisation of the differences (Mechelli 2005). This drawback might result in future 
considerations for use of nonparametric methods, which do not require the data to 
be normally distributed in order to increase the accuracy. 
4.5. Statistical Analysis 
The final step of a VBM study is the voxel-wise statistical analysis (Mechelli 2005). 
It is based on the theory of the so-called General Linear Model (GLM) which is the 
foundation of most statistical models such as a t-, F-test or the Analysis of 
Variance the so-called ANOVA (Friston 1994). It might be written in matrix 
formulation as  Y = XB + E,  where Y is a matrix of multivariate measurements and 
X is the so-called design matrix, describing different experimental and statistical 
designs. E is a matrix containing normally distributed errors and/or noise and B is 
the matrix containing the parameters to be estimated. The design matrix contains 
the variables related to the corresponding conditions either in the form of 
covariates, such as time or in form of indicator type or dummy variables, e.g 
condition or subject. Friston et al. (Friston 1994) have published further details 
about the use of this general linear approach, including a detailed mathematical 
description. 
 
The results of the statistical tests are presented in so-called statistical parametric 
maps. These maps are well known from functional MRI or PET studies (Friston 
1991; Worsley 1992) and can be interpreted as a spatially extended statistical 
process (Friston 1994). The underlying principle is a voxel-wise statistical analysis 
and the resulting statistic is transferred into an image. By overlaying these maps 
on a standard brain in defined stereotactic space, regions with different Z scores 
can be easily localised. Depending on the problem and population group under 
investigation, the statistical test for each study has to be chosen individually. For 
longitudinal studies, for example, the simplest test is a paired t-test using two 
conditions, that is, time points. The corresponding design matrix of such a paired t-
test of a single subject for two different time points is depicted in Figure 12. 
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Figure 12: SPM design matrix of a single subject paired t-test for two different time points 
(conditions).
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5. ATLAS DEVELOPMENT 
Mapping the human brain has received a great deal of attention in the last two 
centuries (Mazziotta 1995). Attempts to relate brain structure to its function has its 
origin as early as the early 19th century and developed into the science of 
phrenology. Based on the hypothesis that every region of the brain has specific 
functions or modules, Pierre Paul Broca identified the language area in patients 
with aphasic disorders (Broca 1861). A few years later, Korbinian Brodmann 
divided the cerebral cortex into 52 distinct areas derived from their histological 
characteristics, the so-called Brodmann areas (Brodmann 1905; Brodmann 1909). 
 
During the 20th century, several standard brains or atlases were developed based 
on different parameters, such as cytoarchitecture, blood flow distributions, 
metabolic rates, chemo- or cytoarchitecture (Mazziotta 1995). Most of these 
atlases are derived from single subjects, or at best a few subjects, such as the 
well-known anatomical reference of Talairach and Tournoux (Talairach 1988) 
which still has a significant impact in modern neuroimaging. The atlas of Talairach 
and Tournoux depicts only one brain hemisphere of a 60-year-old French woman 
and excludes brainstem and cerebellum.  
 
The potentially crude assumption of interspheric symmetry and the use of only a 
single subject, disregarding the high anatomic variability between subjects, have 
led to the development and definition of several further brain templates at the 
Montreal Neurological Institute (MNI). For example, conventional magnetic 
resonance images of 305 subjects were averaged and matched to the Talairach 
reference (Evans 1993). These images reflect average neuroanatomy and provide 
the basis for a growing number of digital brain atlases such as the MNI305 atlas or 
the ICBM152 atlas. To expedite and focus developments in this area, the 
International Consortium for Brain Mapping (ICBM) was founded by the Human 
Brain Project in 1993 with the aim of developing a probabilistic reference system 
for the human brain. 
 
The use of standard brain atlases is well established in the MR community, but 
none of the commonly utilised standard brains or atlases, such as MNI305 or 
ICBM152 atlases, provide quantitative information. In order to advance the state-
of-the-art, this chapter describes the development of a standard human brain atlas 
based on quantitative water content maps obtained from 36 healthy volunteers. 
The quantitative information allows for a definition of normal values and the 
corresponding confidence ranges for the water content in each voxel of a healthy 
human brain. Similar approaches are already routinely employed in the clinic, i.e. 
the blood count measurement as a collection of quantitative parameters which 
forms the basis of many investigations performed in daily medical routine. The 
definition of a standard water content brain atlas determined from a healthy, 
“normal” population could therefore serve as a reference tool for the precise 
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diagnosis of a variety of cerebral diseases which are related to a pathological 
change in brain water content, such as multiple sclerosis, hepatic encephalopathy 
or brain tumours. 
 
For the convenience of the reader this chapter is divided into two parts: Part I 
describes the optimisation of the sequence parameters and the phantom 
experiments as a prerequisite for the following in vivo experiments and the final 
atlas development, described in Part II of this chapter. 
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PART I - ATLAS DEVELOPMENT 
5.1. Methods & Subjects I 
5.1.1. Simulations 
For a real quantitative measurement of the brain water content it is important to 
optimise both the precision and the accuracy of the experimental set-up in order to 
increase the reproducibility of the individual measurements and to obtain a good 
agreement with the real water content of the brain. Hence, simulations were 
performed in order to find the optimum to keep the relative error of the measured 
water content as low as possible within the constraints set by measurement time 
and spatial coverage. In order to optimise the MR sequence parameters for the 
prerequisite of full brain coverage in an acceptable measurement time with high 
accuracy and precision, computer simulations were performed using MATLAB 7.4 
(The MathWorks, Natick, MA, USA) and are described below. 
 
 
Optimisation of precision - Theory 
 
The precision of an experiment is a quantitative measure of how good individual 
measurements, performed under the same conditions, agree with each other. As 
such, it is a measure of reproducibility of the individual measurements. As 
described by Neeb et al. (Neeb 2008), an analytical model of the reconstructed 
water content was used to calculate the precision of the measured water content 
in the framework of the simulations performed here. Based on the error 
propagation model, the expected precision of the measured tissue water content is 
calculated as a function of the signal-to-noise-ratio (SNR) and the MR imaging 
sequence parameters (Neeb 2006b). The analytical model for the measured water 
content, WMR, can be formally written as:   
 
 
 
W
MR
= f (S
0,T
2
* (tissue),T1(tissue) | p1,...,pk ,C1,...,C4).    (6.1) 
 
Here, the dependence of the tissue water content on two random numbers, S0,T2* 
and T1, given k sequence parameters, p1, …, pk, and four correction terms C1, …, 
C4, is expressed. As described in chapter 3.3, the four correction terms, C1, …, C4, 
are: (1) the correction for B1 field inhomogeneity CB1Inhom; (2) the correction for 
imperfections in the receiver coil, CRec; (3) the correction for temperature 
differences between reference probe and tissue, CTemp; and (4) the average 
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corrected signal intensity of the reference probe. The correction factor for 
saturation effects due to T1 differences, CT1, is an explicit function of T1 and 
therefore a random number itself; it is therefore not explicitly included in Equation 
(6.1). 
 
If the relative error terms for S0,T2* and T1, ((S0,T2*) and ((ST1), are known, the 
random error, ((WMR|{pi}), of the MR-reconstructed water content, WMR, can be 
calculated. Determined by the law of error propagation, the relative error of WMR 
for a given set of sequence parameters, {pi}, is determined by 
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assuming that S0,T2* and T1 are not correlated. Therefore, the error of the water 
content measurement is determined by three numbers: (1) the analytical model for 
the measured water content, WMR, formally defined in Equation (6.1), (2) the 
variance of the extrapolated signal intensity, S0,T2*, and (3), the variance of the T1 
measurement. The determination of the latter two quantities is described in the 
following.  
 
Assuming a single exponential T2
* decay with measured signal intensities S(tk) at 
n1 different time points tk, (k=1,.. n1), the covariance matrix, Cij
T2*,  can be 
analytically calculated. Equation (6.3) shows the corresponding 2x2 covariance 
matrix, CT2*(x1=S0,T2*, x2=T2
*), which contains all relevant information about the 
variance of the two random numbers S0,T2* and T2
*  as well as their mutual 
correlation (Neeb 2006b)  
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The inverse of the parameter ( is the raw SNR of the QUTE signal intensity of 
pure water acquired with short TE (<<T2
*), long TR (>>T1) and a 90° RF pulse in 
order to maximise the signal intensity assuming a reference bandwidth, 
BWref=500Hz/Px, and a reference slice thickness, &zref, of 3mm. The raw SNR in a 
QUTE image increases linearly with the slice thickness and decreases 
proportionally to the square-root of the readout bandwidth. Therefore, the SNR 
was determined to be 100 and the signal intensity was normalised to 1, resulting in 
$ = 0.01. 
Using Equation (6.3), the error of the extrapolated signal intensity, ((S0,T2*), is 
given by the square-root of the corresponding variance term, CT2*11,  
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In a similar manner to that described for the calculation of the signal intensity error, 
the error of the T1 measurement can be calculated based on the corresponding 
covariance matrix of the T1 measurement (Neeb 2008). However, the situation 
here is slightly more complicated as n independent T1 maps can be reconstructed 
(see Chapter 3.3), where n is given by the minimum of n1 and n2, the number of 
points acquired on the T2
* relaxation curve with QUTE-S0,T2 and QUTE-T1, 
respectively. Therefore, n independent covariance matrices corresponding to the 
different time points, ti, can be calculated. The covariance matrix now depends on 
the two random numbers x1=S0,T1 and x2=T1, where S0,T1 is the signal intensity 
which is independent of saturation effects, but modulated by T2
* decay differences.  
Again, for a single time point, ti, the corresponding error of T1 is given by the 
square-root of the covariance matrix element C22,  
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The total error in T1 is then the maximum likelihood estimate based on the 
individual (different) errors of the contribution measurements and is given by 
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For further details the reader is referred to the work by Neeb et al. (Neeb 2008). 
 
Based on the optimisation theory described above, Neeb et al. (Neeb 2008) 
published an optimised standard parameter set (set_50) which was designed for 
the precise and accurate mapping of cerebral water content under clinical 
conditions. As such, it allows for the investigation of water content alterations, e.g. 
in patients suffering from HE or MS. Based on this standard parameter set 
(set_50), where stringent restrictions on the measurement time (< 10 minutes for 
whole brain coverage) were imposed with a corresponding sacrifice of spatial 
resolution (1x1x2mm3), a new optimised parameter set (set_100) was determined 
for the development of the quantitative water content atlas. Here, it is important to 
highlight the fact that only healthy volunteers were measured for the construction 
of the water atlas. Measurement time restrictions were therefore relaxed to a total 
acquisition time of less than thirty minutes which allows for a higher resolution of 
1x1x1.5mm3 with contiguous slices, resulting in a protocol for water content 
mapping with full brain coverage. A detailed description of the two standard sets, 
set_50 and set_100, is given below.  
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Optimisation of precision – Experimental simulations 
 
In order to minimise the random error of the measured water content, ((WMR|{pi}), 
depending on the different sequence parameters, {pi}, it is necessary to carefully 
optimise the precision. To fulfil the condition of full brain coverage, it was assumed 
that 100 slices with a slice thickness of 1.5mm and a matrix size of 256x192 
should be acquired. Furthermore, it is very important to keep the acquisition time 
as short as possible, in order to avoid motion artefacts. Therefore, it was required 
that the total acquisition time should remain below 30 minutes. Those changes, i.e. 
the increase of the effective repetition time resulting from doubling the number of 
slices, were imposed on the previously published optimised parameter set 
(set_50) (Neeb 2008). The resulting set (set_100) defined the basis for all further 
simulations that were performed where the effect of individual sequence 
parameters on the experimental precision of WMR was investigated.  
 
First, the nominal excitation flip angle, !, of the QUTE-S0,T2 sequence was varied 
in a range between 30° and 70°. For the same sequence, TR was continuously 
changed in the interval [20ms, 100ms]. Further, the read out bandwidth was varied 
from 200 to 2000Hz/Px, as changes to this parameter directly influence the 
duration of the gradient applied in read out direction and therefore the number of 
time points which can be acquired on the decay curve. Finally, the relative error of 
the measured water content was calculated using different T2
* values in the range 
from 0 to 800 ms. Apart from the last investigation where T2
* effects were directly 
evaluated, ((WMR|{pi}) was determined for T1 values in the range of 500ms to 
3500ms and T2
* between 60ms and 200ms in order to cover the relaxation times 
typical for human brain in vivo imaging at 1.5T. Based on the results of the 
simulations described here, an optimised sequence parameter set (opt_set_100), 
containing three different QUTE protocols, was derived. This protocol was then 
used for the investigation of measurement accuracy and for phantom experiments. 
Further details about that protocol are given below (5.1.2.) and in the results 
section.  
 
To provide a better overview, the different simulations performed are displayed in 
the flowchart of Figure 13.  
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Figure 13: Flowchart of the simulations performed. Based on the standard parameter set (set_50) 
from Neeb et al. (Neeb 2008), a new modified parameter set (set _100) was defined. For this set, 
several sequence parameters, such as the flip angle (FA), the repetition time (TR) and the readout 
bandwidth (BW) were varied, in order to evaluate the influence on the measured water content, 
WMR.  
 
 
Optimisation of accuracy  
 
The accuracy of an experiment is a measure of how good the measured values 
agree with the real value. Any deviation from perfect accuracy results in a 
systematic error of the experiment. Therefore, it is extremely important to keep the 
systematic error of the measured water content, WMR, of individual subjects as low 
as possible, since a systematic error would significantly bias the final resulting 
quantitative atlas, and thereby partly sacrificing its quantitative nature. In order to 
eliminate a systematic error influencing the measured water content, possible 
deviations from the true signal amplitudes SQUTE-S0,T2* and SQUTE-T1 were simulated.  
Neeb et al. (Neeb 2008) extensively evaluated the accuracy of the protocol used in 
their study (set_50). Therefore, only effects which might differ based on the 
modified sequence parameter in comparison to set_50 were reinvestigated in the 
context of the current work. Those effects include the slice profile, because the 
slice thickness was reduced from 2mm to 1.5mm and the deviations from the Ernst 
model due to the changes in the excitation flip angle and the increased TR due to 
the increased number of slices. In the following, only these deviations from the 
theoretical signal model (see Equation 6.1) are discussed. The influence of the 
slice profile is then extensively discussed in the context of phantom measurements 
(chapter 5.1.2). 
 
As already mentioned above, fitting T1 and correcting the corresponding saturation 
effects is based on the assumption that the signal amplitude of the QUTE 
sequence can be modelled by the Ernst equation (see chapter 2.4.4).  
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However, the Ernst equation only becomes valid when the transverse 
magnetisation is fully spoiled between two excitations. 
 
After applying a series of pulses, as in QUTE, a fast imaging steady state is 
reached. In order to obtain a pure T1 weighting in such a case, RF spoiling 
becomes necessary to destroy all transverse magnetisation (Neeb, Ermer et al.). 
Since RF spoiling is just an approximation for real spoiling, the deviation from the 
Ernst amplitude for different TRs and flip angles in relation to T1 and T2 was 
calculated using the extended phase graph approach (EPG), introduced by Hennig 
(Hennig 1991a; Hennig 1991b). Further details of the EPG calculation used in the 
context of quantitative water content mapping are described by Neeb at al. (Neeb 
2008). 
Possible deviations from the Ernst amplitude for all three QUTE measurements 
from the optimised protocol set_100 were investigated. EPG calculations for the 
following flip angle/TR combinations were performed: (a) flip angle !=40° and an 
effective TReff=6000ms; (b) flip angle !=70° and an effective TReff=1400ms; and 
(c) flip angle !=70° and an effective TReff=700ms. The systematic error of the 
signal amplitude was then defined as the relative deviation of the EPG amplitude 
from the corresponding amplitude predicted by the Ernst formula assuming perfect 
spoiling. 
 
5.1.2. Phantom Measurements 
The accuracy and precision of the standard MR protocol opt_set_100 was tested 
using a so-called “revolver phantom” containing tubes with different mixtures of 
H2O and D2O, which experimentally simulate the situation of regionally differing 
water content. The tubes were doped with Gd-DTPA (complex of gadolinium with 
a chelating agent Diethylene-Triamine Penta-acetic Acid) to reduce both 
longitudinal and transverse relaxation times. All experiments, including in vivo 
measurements, were performed on a standard clinical 1.5T scanner (1.5T 
AVANTO, Siemens Medical Systems GmbH, Erlangen, Germany). Three different 
QUTE acquisitions with the following parameters were performed based on the 
results obtained from the investigation of precision and accuracy (opt_set_100): 
 
A) QUTE-S0,T2*: TR=60ms, 100 contiguous slices, slice thickness 1.5mm, 
TE=4.8ms, 14 time points with an echo spacing of 3.74ms, flip angle !=40°; 
magnitude and phase data were reconstructed. 
B) QUTE-ST1(1): TR=14ms, 100 contiguous slices, slice thickness 1.5mm, 
TE=4.8ms, 2 time points with an echo spacing of 3.74ms, flip angle !=70°; 
only magnitude data were reconstructed. 
C) QUTE-ST1(2): TR=14ms, 50 slices, slice thickness 1.5mm, 100% gap 
between slices, TE=4.8ms, 2 time points with an echo spacing of 3.74ms, 
flip angle !=100°; only magnitude data were reconstructed. 
 
  Atlas Development 
 
 51 
 
The FoV was 192x256mm2 with a matrix size of 192x256 resulting in a nominal in-
plane resolution of 1x1mm2. The bandwidth per pixel was fixed to 290 Hz/Px. The 
QUTE-ST1(2) measurement was repeated twice such that during the second 
acquisition the missing slices, due to the gaps in the first QUTE-ST1(2) 
measurement, were acquired. Subsequently, data from the two measurements 
were manually combined to form one single, gapless data set. 
 
In addition to the QUTE measurements, two EPI measurements with different 
nominal flip angles of 30° and 90°, respectively, were performed in order to correct 
for B1 inhomogeneities, as described in chapter 3.3. QUTE and EPI 
measurements were performed with the body coil for signal transmission and a 4-
channel phased-array head-coil for signal reception. Additionally, a third EPI 
measurement was performed with a nominal flip angle of 90° using the body coil 
for signal transmission and reception to correct for receiver coil imperfections (see 
chapter 3.3.). Identical parameters were used for all three EPI measurements: 
TE=17ms, FoV=192x256mm2, matrix size of 48x64, 50 slices, 100% gap between 
slices, slice thickness of 1.5mm, BW=2895 Hz/Px. Due to the potential for cross-
talk between the slices, only 50 slices were acquired for all three EPI 
measurements. The missing slices were interpolated using a nearest neighbour 
approach to obtain a dataset with the same number of slices as for the QUTE 
measurements. All MR protocols were performed using the same receiver gain 
and the same FFT (Fast Fourier Transform) scaling factors. 
 
Initial experiments with the opt_set_100 protocol showed increased values of T1 
when using the QUTE-ST1(1) protocol to fit the longitudinal relaxation time which 
was due to a systematic error in the signal intensity measured with that sequence 
(see chapter 5.2.2). Here, 100 contiguous slices and a flip angle of 70° were 
acquired. In order to investigate the assumption of possible cross-talk between 
slices due to a suboptimal slice profile, essentially a modulation of the effective 
pulse excitation scheme, the following two phantom measurements were 
performed. In the first measurement, the original parameters of QUTE-ST1(1) were 
kept and the signal intensity in selected ROIs was recorded. In the second 
measurement, performed within the same session without changing B1 calibration 
or the shim setting of the scanner, the number of slices was reduced to 50 slices 
but a gap of 100% was introduced. Furthermore, in order to enable a direct 
comparison with the first measurement, TR was increased to 28ms resulting in the 
same effective TR of 1400ms. The remaining parameters were left unchanged and 
the signal intensity at the identical ROIs as defined for the first measurement was 
recorded. 
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5.2. Results I 
5.2.1. Simulations 
Results for the optimisation of the sequence parameters are shown in Figures 14-
21. For all simulations, a standard parameter set (set_100) was assumed as 
described in 5.1.1. After all simulations this initial set resulted in the final optimised 
parameter set, opt_set_100.  
Figure 14 shows the relative error of the measured water content, $(WMR), as a 
function of the flip angle (FA) of QUTE-S0,T2* for different T1-values. Here, the flip 
angle of the underlying QUTE-T1 protocol was assumed to be 70° with a TReff of 
1400ms (QUTE-T1 (1)). The T1 dependence is clearly visible. Especially for higher 
T1-values such as in CSF, the error significantly increases for flip angles larger 
than approx. 40°-50°. For example, at a flip angle of 40°, the relative error of WMR 
for a T1 of 3500ms is 2.9%. With increasing flip angle, the relative error increases 
in the high T1 regime. In contrast, for smaller values of T1 (T1 <1500ms), the error 
continually decreases. For example, for a flip angle of 40° and a T1 of 1000ms, the 
relative error of WMR is 2.5%.  
 
In the following, the FA of the QUTE-T1 protocol was changed from 70° to 100° 
with corresponding decrease of the effective TReff to 700ms (QUTE-T1 (2)). As can 
be seen in Figure 15 this change leads to a significantly reduced error, especially 
for low T1 values (500-1500ms) such as those present in healthy GM and/or 
healthy WM of the human brain in vivo. However, for higher values of T1, the 
relative error increases much more rapidly than for the protocol QUTE-T1 (1) 
shown in Figure 14. Therefore, the most precise measurement of CSF with a long 
T1 can be obtained with the QUTE-T1 (1) protocol whereas the error in healthy 
grey and white matter is minimised by decreasing TReff and increasing the flip 
angle of the measurement as provided by the QUTE-T1 (2) protocol.  
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Figure 14: Relative error of the measured water content as a function of the QUTE-S0,T2* flip angle. 
The underlying QUTE-T1 protocol assumes a flip angle of 70° and an effective TReff of 1400ms 
(protocol QUTE-T1 (1)). 
 
 
Figure 15: Relative error of the measured water content as a function of the QUTE-S0,T2* flip angle. 
The underlying QUTE-T1 protocol assumes a flip angle of 100° and an effective TReff of 700ms 
(protocol QUTE-T1 (2)). 
 
Figure 16 shows the relative error of WMR, $(WMR), as a function of the repetition 
time, TR, of the QUTE-S0,T2* sequence, assuming a nominal flip angle of 40° for 
QUTE-S0,T2* protocol, a flip angle of 70° and effective repetition time of 1400ms for 
the QUTE-T1. In order to keep the acquisition time reasonably short, a TR of 60ms 
was chosen as only a small reduction of the random error is observed for even 
longer TR. Therefore, the effective repetition time of the QUTE-S0,T2* protocol, 
TReff, adds up to 6000ms given the interleaved acquisition of 100 slices. The total 
acquisition time of the QUTE-S0,T2* protocol for such a parameter setting adds up 
to 19 minutes. The relative error, $(WMR), varies between 2.5 and 3.0% for the 
given range of T1. 
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Figure 16: With increasing TR of QUTE-S0,T2* the relative error of WMR decreases for all T1 values 
investigated, however, with the penalty of an increased acquisition time. Choosing a TR of 60ms 
leads to an acquisition time of approximately 19 minutes for the QUTE-S0,T2* protocol. 
The effect of variations of the readout bandwidth on $(WMR) is depicted in Figure 
17. An oscillation pattern is observed for all T1values investigated. This is due to 
the inverse proportionality between the readout bandwidth and the maximum 
number of time points that can be acquired within one TR. The minimum spacing 
between two time points on the T2* relaxation time curve is inversely proportional 
to the readout bandwidth. At a bandwidth of 290 Hz/Px (denoted by the red circles) 
two time points with the QUTE-T1 sequence and fourteen time points with the 
QUTE-S0,T2* sequence can be acquired. The relative error, $(WMR), for the range 
of T1 values illustrated is between 2.45 and 2.95%. 
 
Figure 17: Dependence of the statistical error on the readout bandwidth. The maximum number of 
time points acquired on the T2* relaxation time curve is proportional to the inverse of the readout 
bandwidth. The red circles mark a bandwidth of 290Hz/Px at which two time points with the QUTE-
T1 protocol can be acquired.  
 
Finally, the precision of $(WMR) as a function of T2* is shown in Figure 18. 
Typically, T2* values in the healthy human brain range between 60ms and 90ms 
for healthy GM and WM. Within this range of relaxation times, the statistical error 
of WMR ranges between 2 and 3%. For T2* values above 100ms (CSF), the error 
virtually stays constant for all values of T1 investigated. 
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Figure 18: Water content precision as a function of T2
*. For values between 60 and 90ms, as 
typically observed in vivo for healthy GM and WM, the error is below 3%.  
 
Based on the results from the simulations performed, a standardised protocol 
(opt_set_100) can be defined as described in chapter 5.1.2 which leads to the 
smallest average error of the water content measurement for the typical relaxation 
properties observed in the healthy human brain. Importantly, a simultaneously 
precise measurement of water content in GM/WM on the one hand and CSF on 
the other is not possible due to the relatively strong differences of relaxation times 
between those tissue types. Therefore, the simulation results indicate separating 
the measurement using two different protocols, (QUTE-T1 (1)) and (QUTE-T1 (2)), 
in order to separately minimise the random error in CSF and GM/WM, 
respectively.  
 
In the following, the investigation of the accuracy of the quantitative water content 
measurement using the different protocols (see chapter 5.1.2) is described. 
Deviations from the Ernst amplitude were calculated as described in chapter 5.1.1. 
The corresponding results were shown in Figures 19 to 21. 
Figure 19 shows the relative deviation of the EPG calculated signal intensity from 
the Ernst amplitude for a flip angle of 40° and an effective TReff of 6000 ms, 
according the QUTE-S0,T2* protocol, as described in chapter 5.1.2. The deviations 
are shown for different T1 values (500-3500ms) as a function of T2. For this 
combination of long TReff and small flip angle, deviations remain below 0.14% 
even for high T1 and T2 values. 
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Figure 19: Relative deviation from the Ernst amplitude as a function of T2 for different T1 values 
range between 500ms-3500ms. The relative deviations were calculated for a flip angle of 40° and a 
TReff of 6000ms. 
 
In Figure 20, the MR sequence parameters were changed to a flip angle of 70° 
and a reduced effective TReff of 1400ms, corresponding to the QUTE-T1(1) 
protocol (B)  described in chapter 5.1.2. Especially for higher T1 (>1500ms) and T2 
values, the absolute value of the relative deviation increases above 1%. However, 
this effect can be neglected for healthy grey and white matter at 1.5T, since T2 
values of those tissues are typically smaller than 100ms, where the deviation is 
below 0.2%. Nevertheless, for CSF the EPG calculated signal is smaller than the 
Ernst amplitude which would result in a small overestimation of T1 (Neeb 2008). 
 
 
Figure 20: Relative deviation from the Ernst amplitude for the QUTE-T1(1) protocol (B) assuming 
an acquisition of 100 slices with a flip angle of 70° and an effective TR of 1400ms. 
Changing the flip angle to 100° (instead of 70°) according the QUTE-T1(2) protocol 
(C) (see chapter 5.1.2) with a corresponding reduction of the effective TR to 
700ms leads to much stronger deviations for high T1 and T2 values above 1000ms 
which can reach values of up to 9% (Figure 21). However, for T2 values below 
100ms the deviation from the Ernst amplitude is below 0.2%, whereas for CSF a 
significant bias can be expected. 
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Figure 21: Relative deviation from the Ernst amplitude for the QUTE-T1(2) protocol (C) with a flip 
angle of 100° and an effective TR of 700ms.  
 
5.2.2. Phantom Experiments 
Before the application of the protocols in vivo, several phantom measurements 
were performed in order to validate the accuracy and the predicted precision of the 
measurements. Based on the simulation results described in 5.2.1, two different 
QUTE-T1 protocols were derived in order to maximise the measurement precision 
for both GM/WM and CSF compartments. The first protocol is based on the 
acquisition of 100 slices contiguous in a single measurement using a flip angle of 
70°. In the second protocol, 50 slices with 100% gap between slices and a flip 
angle of 100° were acquired in two consecutive measurements.  
 
Applying these two protocols in a phantom measurement led to the observation, 
that T1 reconstructed from the QUTE-T1(1) measurement was always significantly 
overestimated, which might be due to consistent underestimation of the QUTE-
T1(1) signal intensity. In order to investigate this effect further, the signal intensity 
of the first measured time point was recorded for two different protocols: (1) the 
standard QUTE-T1(1) protocol defined above with 100 slices contiguous and 
effective TR of 1400ms and (2) QUTE-T1(2) with a reduced number of 50 slices 
and 100% gap in between, but leaving the effective TR unchanged (1400ms) in 
order to compare both protocols without confounding saturation effects. Figure 22 
shows the correspondingly observed signal intensity for both protocols in relation 
to the slice position for a region-of-interest (ROI) in the phantom. The red line 
shows the acquisition of 50 slices with 100% gap, whereas the turquoise line 
shows the result from the standard QUTE-T1(1) protocol. Between the 
measurements the phantom was neither moved nor newly registered, in order to 
be able to compare the same slices without re-shimming or a new B1 calibration.  
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As can be seen from Figure 22, a slightly lower intensity was recorded for the 
standard protocol with a measurement without gap. Both intensities deviated on 
average by 3%. Furthermore, this effect was independent of slice position in the 
scanner. Since only the slice gap was changed between the two acquisitions, the 
effect of the reduced signal intensity can be attributed to a magnetisation cross-
talk between adjacent slices. Therefore, the same experiment was repeated also 
for the QUTE-S0,T2* measurement as this protocol also results in the acquisition of 
100 slices contiguous. However, due to the longer TReff and the smaller flip angle, 
no significant difference between an acquisition with non-contiguous and 
contiguous slice coverage was observed here. Due to the significant 
underestimation of the signal intensity, the QUTE-T1(1) protocol was disregarded 
for the in vivo measurements as significant systematic errors would result from the 
overestimation of T1 associated with an artificially decreased signal intensity of 
QUTE-T1(1). 
 
 
Figure 22: Signal intensity for a phantom ROI of the first time point measured with two variants of 
the QUTE-T1(1) protocol. The red line shows the acquisition with 50 slices and 100% gap in 
between, whereas the turquoise line represents the corresponding acquisition with a 100 
contiguous slices. A drop in the signal intensity between the first and the second measurement is 
clearly visible, independent of the slice position. 
In view of the above, all other experiments were performed with two independent 
interleaved QUTE-ST1 measurements. The acquired MR data were then 
processed as described in order to reconstruct a quantitative water content map 
(chapter 5.1.3). 
 
A representative water content map of a single slice measured in the H2O/D2O 
phantom is shown in Figure 23. The right of Figure 23 shows the comparison 
between the MR-measured water content in the tubes containing different mixtures 
of H2O and D2O and the known real H2O content. As can be seen from the plot, 
the measured water content matches very well with the known values and shows a 
maximum deviation of 1.55%. The average systematic deviation between MR-
measured and known water content in this phantom is 0.96%  
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Figure 23: The left of the Figure shows the reconstructed quantitative water content map of a 
revolver phantom containing tubes with different mixtures of H2O and D2O. The known water 
content in the tubes ranges from 50 to 100% of water (H2O). On the right of the Figure, a 
comparison of the MR measured water content with the known water content is shown. The blue 
line is the line of identity. 
5.3. Discussion & Prospects I 
In the current work, extensive simulations were performed in order to define an 
optimised protocol for the acquisition of quantitative water content maps in vivo 
with high precision and accuracy and allowing for full brain coverage in tolerable 
measurement times. As described earlier, the reconstruction of a quantitative 
water content atlas requires a thorough investigation and minimisation of different 
sources of error to allow for a sensitive detection of pathological cerebral water 
content alterations. Therefore, it was necessary to carefully investigate the 
precision and accuracy of the individual measurements contributing to the final 
atlas. Both, precision and accuracy of the experimental set-up were therefore 
optimised in order to increase reproducibility of the individual measurements and 
ensure a good agreement of the MR reconstructed water content with the real 
physiological water content of the human brain.  
 
Varying the flip angle of the QUTE-S0,T2* protocol in a range between 30° and 70°, 
resulted in a minimum relative error of the measured water content, $(WMR), 
averaged for T1 values between 500ms and 3500ms. The corresponding statistical 
error ranges between 2.5 and 2.9%, where higher errors are associated with a 
longer T1. An increase of the flip angle above 50° would again result in an increase 
of the relative error, especially for a higher T1. Those results are based on an 
assumed flip angle of 70°, an effective TR of 1400ms for the QUTE-ST1 protocol 
(protocol QUTE-ST1(1)). Increasing this flip angle to 100° with an accompanied 
decrease of the effective repetition time to 700ms leads to a further reduction of 
the relative error, $(WMR), to approximately 1.0%, especially for T1 values below 
1500ms such as in healthy grey and white matter (protocol QUTE-ST1(2)). 
However, this approach requires the performance of two interleaved 
measurements, each acquired with 50 slices and 100% gap between the slices, as 
the decrease of the effective TR within one single measurement of 100 slices 
requires a reduction of the TR from 14ms to 7ms. This, however, would no longer 
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allow for the acquisition of two time points on the T2
* relaxation curve such that the 
error of T1 and subsequently the reconstructed water content would increase. 
Even though decreasing the effective TR and increasing the flip angle reduces the 
random error in grey and white matter, the corresponding error in CSF is 
increased in comparison to the protocol with longer TR and smaller flip angle 
(QUTE-ST1(1)). Therefore, based on these simulation results, a reconstruction of 
two water content maps, one relying on QUTE-ST1(1) and one relying on QUTE-
ST1(2), would be advantageous. Thereafter, in the post-processing step, CSF 
could be segmented and transferred, and the corresponding pixels in the water 
content map where $(WMR) for CSF is smaller, could be transferred to the map 
where $(WMR) for GM and WM is smaller, in order to optimise the precision for all 
compartments of the human brain. 
 
Additionally, the readout bandwidth was determined to be optimal at 290Hz/Px. 
With increasing bandwidth more time points on the decay curve can be measured, 
but the relative error, $(WMR), increases almost linearly as the SNR loss due to the 
increased bandwidth is larger than the gain resulting for the higher sampling rate 
of the relaxation curve. With the given bandwidth of 290Hz/Px two time points with 
QUTE-ST1 protocol can be acquired and theoretically two T1 maps can be 
calculated individually and averaged. 
 
Finally, the influence of T2
* on the relative error, $(WMR), was found to be small for 
the typical relaxation times observed in vivo. Only for T2
* values below 
approximately 50ms, the error steeply increases which can be considered 
insignificant for imaging the healthy human brain. Subsequent simulations to 
investigate possible deviations from the Ernst amplitude resulted in values below 
0.14%, even for high T1 or T2 values for the QUTE-S0,T2* protocol using 100 slices, 
a repetition time of 60ms and a flip angle of 40°. For the QUTE-ST1(1) protocol, the 
deviations from the Ernst amplitude were increased up to 1.5% due to the higher 
flip angle and the shorter effective TR. But for T2 values below 1000ms the relative 
deviation is still below 0.5%, for a flip angle of 70° and 100°, respectively. In the 
case of a flip angle of 100° and a reduced effective TR of 700ms the relative 
deviation from the Ernst amplitude is approximately 7 to 9% for T2 values larger 
than 2000ms such as in CSF. This leads to a large systematic error in the 
measurement of CSF water content. Nevertheless, with QUTE-S0,T2*, employing a 
flip angle of 40° accompanied with a long effective TR of 6000ms, almost full 
recovery for the CSF compartment can be reached (relative Ernst amplitude of 
0.95), the propagation of this systematic error of the measured water content in 
CSF might be smaller as the T1 correction factor for an Ernst amplitude of 0.95 is 
only 5% and therefore relatively small.  
 
According to these simulations, three different QUTE protocols were defined which 
formed the basis for the subsequent phantom experiments performed using a 
revolver phantom containing tubes with different mixtures of H2O and D2O. Using 
the QUTE-ST1(1) protocol with a flip angle of 70°, an effective TR of 1400ms and 
100 contiguous slices lead to a decreased signal intensity in all slices throughout 
the phantom. The T1 maps reconstructed from this protocol showed significantly 
overestimated values which might be due to the consistent underestimation of the 
QUTE-T1(1) signal intensity. In a second experiment, the signal intensity of the first 
measured time point was recorded for two different protocols: (1) the standard 
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QUTE-T1(1) protocol and (2) the QUTE-T1(1) protocol with a reduced number of 
50 slices and 100% gap in between and an identical effective TR of 1400ms. 
Comparing both measurements showed an approximately 3% lower intensity for 
the standard protocol with a measurement with contiguous slices. This effect can 
be explained due to an imperfect slice profile. Deviations from the ideal slice 
profile during slice excitation lead to an out-of-slice breakthrough of excitation to 
the adjacent slices, especially in neighbouring slices. Formally, an additional 
pulse, !, is therefore applied to the slices. This pulse disturbs the ideal sequence 
of pulses (70° - TReff - 70° - TReff - 70° - …) and changes it for any slice in the 
middle of the interleaved scheme to the following sequence: 70° - TReff/2 - ! - TR - 
! - TReff/2 - 70° - … . Therefore, the effective transverse magnetisation is no 
longer given by the Ernst Formula which explains the decrease in the signal 
intensity observed in the phantom experiment. Through this changed signal 
intensity, the ratio of the signal intensities of QUTE-ST1/QUTE-S0,T2* would be 
reduced as well, which directly leads to an overestimation of the T1 values and 
therefore introduces a systematic error in the water content (Neeb 2008). 
Although, the QUTE-ST1(1) sequence leads to a reduced random error of the 
measured water content of CSF, this beneficial effect would be destroyed by the 
systematic error introduced by the imperfect slice profile. Therefore, for the 
following in vivo measurements, the QUTE-ST1(1) protocol was disregarded. As 
the effect of slice profile imperfections is in principle also an issue for the QUTE-
S0,T2* sequence, it was explicitly checked if an effect similar to the one observed 
for QUTE-ST1(1) was present here. However, no signal intensity alterations were 
found in this case when comparing a measurement with non-contiguous slices to a 
measurement with contiguous slices. This can be understood from the much 
longer effective TR and the smaller flip angle employed in QUTE-S0,T2*. Even 
though slice profile imperfections are likely to be present for the latter sequence, 
the results suggest that any out of slice magnetisation has already relaxed before 
the corresponding neighbouring slices are being excited.  
Finally, comparing the measured water content with the known values in a 
phantom containing different mixtures of H2O and D2O using the protocols QUTE-
S0,T2*, QUTE-ST1(2) and the EPI measurements resulted in an average deviation 
below 1%.  
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PART II - ATLAS DEVELOPMENT 
5.4. Methods & Subjects II 
5.4.1. In vivo Experiments 
Quantitative in vivo water content maps of 36 healthy volunteers (age range 20-78 
years, mean age 33.5 ± 12.07, 16 female and 20 male subjects) were acquired. 
Since diseases, such as diabetes or hypertonia, might influence the water content 
in the whole body, volunteers with these conditions were explicitly excluded. Other 
exclusion criteria were permanent medical treatment and/or permanent drug 
intake. Further, volunteers suffering from any renal or metabolic disorder were 
excluded.  
 
Previous unpublished experiments performed at the institute (Research Centre 
Juelich) have shown that different phases of the menstrual cycle and controlled 
dehydration over a time course of 17 hours do not significantly influence brain 
water content. In the framework of those measurements, a detailed blood count 
analysis was performed. Since there was no significant change observed even 
after such a relatively long period of dehydration, the blood count was not 
controlled for the volunteers included in the current study. 
 
The protocols were the same as for the phantom measurements, except the 
QUTE-ST1(1) which was omitted in the in vivo measurements due to the observed 
problems described below (chapter 5.2.2). In addition, a T1-weighted 3D MPRAGE 
with a FoV of 240x240mm2, 128 slices and a matrix size of 256x256 was acquired. 
The total acquisition time for the whole protocol was approximately 40 minutes. A 
Java-based, in-house fitting tool, called QI (Quantitative Imaging) was used to 
determine the tissue equilibrium magnetisation, S0,T2* (tissue) as well as the T1 
maps. Further processing, including the determination of the correction factors 
CB1Inhom, CTemp and CRec and the calculation of the final water content map was 
performed using Matlab. 
 
Based on the resulting water content and T1 maps, the average water content for 
WM and GM of all slices was determined for all volunteers. Before segmentation, 
the reference probe was automatically removed from the images in order to avoid 
registration problems in the rest of the processing chain. Using the Brain 
Extraction Tool (BET) from the FSL package (FMRIB Analysis Group, Oxford, UK, 
www.fmrib.ox.ac.uk/analysis), all non-brain tissue was removed from the water 
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content maps. The water content maps were segmented into GM and WM based 
on a simple T1-histogram-based approach. According to the expected T1 values for 
WM (between 600ms and 750ms) and for GM (between 900ms and 1200ms), the 
following thresholds were used: T1 values above 1300ms were classified as CSF, 
values above 900ms and below 1300ms were classified as GM and values 
between 600ms and 900ms were assigned to WM. Finally, the average water 
content of the segmented water content maps was calculated and the 
corresponding distribution was plotted as a histogram. Average T1 values for all 
brain tissue compartments and their corresponding standard deviations were 
calculated. 
5.4.2. Approaches For The Construction Of The Quantitative 
Water Content Brain Atlas 
Using the reconstructed and pre-processed quantitative water content maps as 
described above, different approaches for the generation of a quantitative water 
content brain atlas were evaluated. Since there is no “gold-standard” water content 
atlas available, differences and potential systematic errors that are introduced by a 
specific processing chain were investigated. 
 
In the following chapter, three different approaches are introduced, employing 
different spatial pre-processing such as the size of the smoothing kernel used 
during normalisation or the use of different baseline templates. An objective 
comparison between the different approaches is rather difficult and therefore the 
standard deviation and standard error of the reconstructed water content for each 
voxel from the brain were extracted and normalised water content maps were 
determined for the different approaches. The objective was to investigate which 
approach resulted in the smallest average standard error; such an atlas would 
therefore provide a high statistical power when comparing an unknown sample 
with the corresponding atlas. Further, how the average standard error behaves as 
a function of the number of volunteers included in the atlas was also investigated. 
The underlying question posed in this context refers to a possible cut-off in the 
observed average voxel-wise fluctuations. Such a cut-off might define a typical 
sample size where physiological variations begin to dominate statistical 
fluctuations, i.e., where increasing the atlas sample size no longer results in a 
reduction of the average error observed. 
 
The following subsections describe the different approaches. For simplicity, only 
the development of the quantitative water content brain atlas is described in detail. 
All the described processes were also similarly applied to T1 and T2* maps in order 
to calculate the corresponding quantitative T1 and T2* atlases. 
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For all calculations and analyses, in the next subsections, including all spatial pre-
processing steps, SPM5 (Wellcome Department of Cognitive Neurology, 
www.fil.ion.ucl.ac.uk) was used. The Statistical Parametric Mapping (SPM) 
software was originally designed for the statistical analysis of brain imaging data 
(PET and MRI) and is a suite of MATLAB (The MathWorks, Natick, MA, USA) 
functions and subfunctions with several externally compiled C routines. For the 
following subsections, SPM5 in combination with Matlab 7.4 was used. 
Normalisation to ICBM standard space 
 
In this approach, using the normalised mutual information as the objective function 
to be minimised by an affine geometrical transformation (see chapter 4.3.), water 
content, T1 and T2* maps were first coregistered to the anatomical 3D data set 
which was re-sliced to 100 slices to be consistent in resolution with the water 
content maps. Then, the 3D data set was normalised to the ICBM standard space 
based on the MNI305 template. Before normalisation, the 3D data were smoothed 
with an isotropic Gaussian kernel with a FWHM of 8mm, according the MNI305 
template. The normalisation parameters were adapted from the SPM standard 
protocol. An affine transformation is followed by 16 nonlinear iterations consisting 
of 7x9x7 basis functions with a nonlinear frequency cut-off of 70mm. The 
frequency cut-off, expressed in [1/mm] represents the cut-off of the cosine basis 
functions (Rosario 2008). For all following atlas approaches, the same 
normalisation parameters were used. 
 
This step was performed for each data set of the 36 volunteers contributing to the 
atlas, individually. Applying the resulting transformation matrix to the coregistered 
quantitative maps, 36 normalised water content maps were created. The maps 
were then averaged for each voxel individually to create quantitative water 
content, T1 and T2* brain atlases. The whole processing chain is depicted in Figure 
24. 
 
Figure 24: Processing chain of the atlas development, as described above. Water content, T1 and 
T2*maps were first coregistered to the 3D data set which was subsequently normalised to the MNI 
template. The resulting transformation matrix was then applied to the quantitative water content, T1 
and T2* maps. The normalised maps were averaged to create standard atlases of water content, T1 
and T2
*. 
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Normalisation to subject No. 3/ No. 18 
 
The basic principles of the development of this atlas have already been described 
in the previous subsection. However, instead of using the standard MNI template 
as described above, the water content map of one randomly chosen subject from 
the acquired data pool was used as a template to which the other 35 water content 
maps were directly normalised without using the anatomical 3D datasets. The 
underlying hypothesis was that the introduced error due to normalisation to a 
single subject, representative for the group might be lower than using the standard 
MNI template as it may be more representative for the rest of the explicitly chosen 
subjects. Moreover, it might be speculated that a direct normalisation of the water 
content maps without using the 3D datasets as intermediates might help in 
reducing the spatial error introduced by the normalisation process. In order to 
evaluate the influence of the randomly chosen subject on the final atlas, two 
different subjects were used. Further, during the normalisation process, 
quantitative water content data were smoothed with a) a 4-mm-Gaussian-filter and 
b) an 8-mm-Gaussian-filter, to investigate the influences of the normalisation 
process with different kernel sizes for smoothing.  
 
 
Iterative Atlas 
 
Given the fact that a quantitative brain atlas might grow and evolve with time, it is 
useful to investigate the effect of successively and iteratively constructing such an 
atlas. For example, it might be speculated that such an atlas strongly depends on 
the order in which the subjects are included. Therefore, the issue of how an atlas 
is influenced by the order of subjects as well as a potential bias introduced due to 
the different anatomy needs to be addressed. Furthermore, the question of 
reliability using such an approach has to be investigated. 
 
In order to simulate an iterative approach to a quantitative water content atlas, a 
randomly chosen order of all 36 subjects was first determined first. The 3D data 
set of the first subject was then normalised to the ICBM standard template. The 
corresponding transformation matrix was applied to the quantitative maps 
coregistered to the anatomical 3D data set. Then, the second subject was 
normalised to the normalised water content map of the first subject. From the 
resulting two data sets, an initial water content atlas based on two subjects was 
calculated. In the next step, the water content map of the third subject was 
normalised to this preliminary atlas consisting of two subjects resulting in the 
generation of a new 3-subject-atlas. This procedure was then repeated until a 
quantitative water content atlas consisting of all 36 subjects was constructed. The 
exact processing chain of the iterative approach is depicted in Figure 25, starting 
with the normalised quantitative map of the first subject.  
In order to perform an objective comparison and to evaluate the influence of the 
order in which the subjects are included, a second iterative atlas was calculated 
using another randomly chosen order of subjects and by repeating the steps 
described above. 
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Figure 25: Depiction of the processing chain of the iterative approach; the figure is to be read 
starting from the left. The 3D data set of a randomly chosen subject was normalised to the MNI305 
template. The resulting transformation matrix was applied to the previously coregistered water 
content map. Then, the water content map of the second subject was normalised to the normalised 
water content map of the first subject. The resulting normalised water content maps of the first two 
subjects were then averaged to form a preliminary water content atlas consisting of these two 
subjects. In the next step, the water content map of the third subject was normalised to the 
preliminary atlas and averaged with the other maps contributing to the atlas, resulting in an atlas 
consisting of three subjects. Following this procedure, all 36 subjects were successively processed 
in order to reconstruct the final water content atlas of 36 subjects. All steps were similarly applied 
to the corresponding T1 and T2
* maps. 
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5.5. Results II 
5.5.1. In vivo Experiments 
Thirty-six volunteers, representing a young and healthy population were 
measured. Table 1 gives an overview of all volunteers measured with information 
about age, gender, average measured water content in WM and GM as well as the 
corresponding standard deviations. In addition, average T1 and T2* values for 
segmented GM and WM are provided. The distribution of the average water 
content in WM and GM, depending on the age and gender for all 36 volunteers, is 
plotted in Figure 26. The results from a 2nd order polynomial fit are superimposed 
in order to highlight the general behaviour of the water content. The average water 
content for male subjects in WM is 70.8±0.94, whereas the GM water content was 
measured to be 80.92±1.64. Similar average values were observed for female 
subjects, where the water content in white and grey matter was determined to be 
71.07±1.45 and 81.05±2.02, respectively. Unfortunately, the older population (>50 
years) is underrepresented and only two male subjects were measured. For the 
younger population, with ages between 20 and 50 years, the average water 
content does not differ significantly between male and female subjects. 
 
 
Figure 26: The average mean water content of all 36 subjects is plotted separately for WM and 
GM. Blue circles represent male WM water content, and yellow circles female WM water content. 
The absolute water content in GM is shown as green diamonds for females and as red diamonds 
for males. Results from a 2nd order polynomial fit are superimposed in order to show the general 
behaviour of the water content. 
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Representative water content, T1 and T2* maps of a randomly chosen subject are 
shown in Figure 27 (the reference probe was removed). From the colour-bar of the 
water content map, it can be seen that average water content of WM is 
approximately 70%, whereas GM varies around 80%. The relaxation time maps 
(T1 and T2*) encode the corresponding relaxation times for the whole brain. For 
this volunteer, the average T1 in WM is 745.1ms, and T2* is 67.7ms. 
Corresponding values for GM are 1183.8ms and 76.8ms, respectively. These 
resulting values of T1 and T2* for WM/GM correspond very well with the literature. 
Especially in the H2O and T1 map, the contrast between GM/WM/CSF is clearly 
visible, whereas in the T2
* map only the contrast between CSF and the remaining 
brain tissue is observable. For demonstration purposes, all values above 100ms 
were set to 100ms in the T2
* map, in order to improve the contrast.  
 
 
Figure 27: Water content, T1- and T2*- map of a single subject. The scale in the water content map 
is in [%], whereas the other two maps are scaled in [ms].  
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Table 1: Table of 36 subjects with gender, age, water content in WM and GM, T1- and T2*-values.
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5.5.2. Approaches For The Construction Of The Water Content 
Brain Atlas 
Different approaches to produce a quantitative water content brain atlas were 
developed and evaluated. Using the same processing chain as for the water 
content atlases, T1 and T2
* atlases were reconstructed to provide additional 
information. The corresponding results are presented in the following. For all 
approaches presented, the final water content atlas and the calculated standard 
deviation were segmented using the corresponding T1 atlas. The average water 
content and average absolute standard deviation of all three tissues, GM, WM and 
CSF, were then calculated over all slices.  
 
Normalisation to the ICBM standard  
 
Using this approach, the 3D data sets of all subjects were normalised to ICBM 
standard space and the resulting transformation matrices were transferred to the 
H2O, T1 and T2
* maps. Subsequently, the normalised data were individually 
averaged to form the different atlases. Figure 28a) shows a representative slice of 
the quantitative water content brain atlas, whereas b) and d) show the 
corresponding slices of the quantitative T1 and T2
* atlases. In Figure 28c), the 
standard deviation of the water content distribution of the same slice calculated for 
each voxel is shown. Before calculating the standard deviation, the skull of all 
subjects was removed using the Brain Extraction Tool (BET) from FSL (Analysis 
Group, FMRIB, Oxford, UK). Due to the inexact nature of the normalisation 
process (see chapter 4) the standard deviation shows higher values at the borders 
of the brain, than for example in pure WM where the average absolute standard 
deviation is 3.2%. The average standard deviation for GM is 6.92% and 8.23% for 
CSF. The larger standard deviations of GM and CSF are mainly due to significant 
partial volume effects at the borders of GM/CSF. Another reason is the 
incorporation of non-brain tissue, especially at the borders of the brain in the 
calculation of the standard deviation resulting from the inexact nature of the 
normalisation.  
The blurring which is visible in all three atlases is a consequence of the inexact 
normalisation process which results in an implicit smoothing due to averaging of 
the water content of different tissues. Here, it is important to highlight the fact that 
the maps were not explicitly smoothed as smoothing was only performed for the 
anatomical datasets in order to normalise them to the common reference brain 
MNI305.   
 
The distribution of the water content through all slices of the water content brain 
atlas is shown in Figure 29. The smoothing/partial volume effect is clearly visible in 
the histogram as a deviation from a Gaussian profile which is especially prominent 
in the range between approximately 72%-80%. The average water content for WM 
is 70.9%, whereas the GM water content is 82.7%. The latter is slightly larger than 
the averaged water content from the native water content maps of all subjects, 
which for GM is 81.5% (see chapter 5.2.3).  
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Figure 28: Quantitative atlases, based on 36 subjects normalised to ICBM standard space and 
linearly averaged. In a) one representative slice of the quantitative water content brain atlas is 
shown, b) the corresponding slice of the T1 map atlas and d) of the T2
* map atlas is shown. The 
absolute standard deviation of the water content distribution in [%], calculated for each voxel of the 
normalised brain extracted data, of all subjects is presented in c). 
 
 
Figure 29: Histogram of the water content distribution in the averaged water content atlas. The 
average water content for WM is 70.9% and 82.7% for GM. 
a) b) 
c) d) 
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Normalisation to subject No. 3/ No. 18 
 
Four different water content brain atlases were developed using this approach. 
Two randomly chosen subjects were selected as single subject templates to which 
all the other 35 subjects were normalised. In this approach the water content maps 
were directly normalised to the template water content map and the resulting 
transformation matrices were transferred to the T1 and T2
* maps respectively, 
without using the anatomical 3D images. During the normalisation process, 
template and source data were smoothed in the first approach using a smoothing 
kernel of 8mm FWHM to be consistent with the standard normalisation process, as 
the ICBM templates is already smoothed with 8mm kernel size. For the second 
atlas, template and source water content maps were smoothed using a kernel size 
of only 4mm in order to investigate possible differences between the resulting 
atlases depending on kernel size. In Figure 30a), b) and d), the corresponding 
atlases with a 4mm smoothing kernel are shown, whereas Figure 30c) represents 
the standard deviation in [%], calculated for each voxel of the normalised water 
content maps of all 36 subjects. As template, subject No. 3 from the data pool was 
randomly chosen. The average water content for WM is 72.7%, for GM 78.2% and 
for CSF 87.65%. The visible separation between GM and CSF is rather difficult 
due to the strong blurring which is especially prominent at the borders of those 
tissue types. In WM, the average standard deviation is 3.2% and therefore 
comparable to the value obtained using the approach presented above. The 
average standard deviation is 6.8% for GM and 9.54% for CSF, respectively.  
 
Figure 30: The water content maps of 35 subjects were normalised to the water map of subject No. 
3. a), b) and d) show one slice of the resultant H2O, T1 and T2
* atlases. In c) the standard deviation 
for each voxel of the normalised water content maps of all subjects is shown. During normalisation 
the template and source data were smoothed using a 4mm kernel size. 
a) b) 
c) d) 
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Figure 31 depicts the water content atlas (a) and the corresponding standard 
deviation (b) when using a kernel size of 8mm instead of 4mm. No significant 
difference between the normalisation processes using a 4mm, or 8mm smoothing 
kernel size can be seen in the image. Subtracting the water content atlas, 
smoothed with an 8mm kernel size, from that smoothed with a 4mm kernel, results 
in an average difference in the absolute water content of 0.102 ±2.21%.  One can 
notice a slightly more smoothed final water content atlas for a smoothing kernel of 
8mm (denoted by the red arrows). The mean standard deviations are comparable 
to the 4mm approach and are 3.06% for WM, 6.90% for GM and 9.83% for CSF. 
 
Figure 31: The water content maps of 35 subjects were normalised to the water map of subject No. 
3. In a) one slice of the resultant H2O atlas is shown; b) the standard deviation for each voxel of the 
normalised water content maps of all subjects is presented. During normalisation the template and 
source data were smoothed using a kernel size of 8mm. 
 
Additionally, the histograms (Figure 32) of the water content distribution of both 
normalisation processes do not show any significant differences. The left 
histogram shows the water content distribution with a smoothing kernel of 4mm 
during normalisation. The right histogram shows the water content distribution with 
a kernel size of 8mm. For both atlases the peak of the water content in WM is 
70.5% and 83% in GM, respectively.  
 
Figure 32: Histograms of the water content distribution using a kernel size of 4mm (left) and 8 mm 
for source and template data during normalisation. 
 
For the following two atlases (left side of Figure 33 and Figure 34), the same 
procedure as described above was used. In order to investigate the possible 
influence of the chosen template, another subject, here No. 18, was used as the 
single subject template. The standard deviations shown on the right side of Figure 
33 and Figure 34 were calculated as described above.  
 
As for the previous approach, using subject No. 3 as a template, the atlas using 
the 8mm kernel size appears slightly more blurred (denoted by the red arrows), 
but the differences are for both approaches are negligible (difference of the 
a) b) 
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absolute water content 0.352± 3.827). The average water content for all tissue 
types, as well as the corresponding standard deviations are shown in Table 2 for 
both atlases.  
 
 Mean H2O content 
of WM [%] 
Mean H2O content 
of GM [%] 
Mean H2O content 
of CSF [%] 
No. 18 (4mm) 69.12 80.20 88.75 
No. 18 (8mm) 69.98 80.45 87.24 
Standard Deviation 
(4mm) [%] 
3.15 7.05 9.60 
Standard Deviation 
(8mm) [%] 
3.36 6.90 9.51 
Table 2: Mean water content of GM, WM and CSF of the two water content atlases, No. 18 (4mm) 
and No. 18 (8mm), with the average absolute standard deviation of the corresponding tissue type.  
 
As presented in Table 2, no significant changes in the mean water content and 
average standard deviations for all three brain tissue types are visible for the two 
approaches. 
 
Figure 33: Water content atlas (left) and corresponding standard deviation using subject No.18 as 
single subject template and applying a 4mm kernel size during normalisation. 
 
Figure 34: Water content atlas (left) and corresponding standard deviation using subject No.18 as 
single subject template and applying a 8mm kernel size during normalisation. 
For both atlases the histograms (Figure 35) of the water content distribution show 
a similar shape and have a maximum water content of 71% for WM and 82% for 
GM. 
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Figure 35: The histograms show the water content distribution of the atlas based on subject No. 18 
using a 4mm kernel size (left) for smoothing during normalisation and 8mm (Wright, McGuire et 
al.). Both show the same average water content in WM and GM. 
 
Iterative Atlas 
 
In order to investigate systematic effects, two random orders of the 36 subjects 
were chosen as described in Chapter 5.1.3 (‘Iterative Approach’), resulting in the 
generation of two different atlases using the iterative approach. Both final atlases 
(A1 and A2) and the corresponding standard deviations are shown in Figure 36. In 
Figure 37 all 36 intermediate atlases for the first random set (A1) are shown. 
Starting in the upper left corner as indicated with (1), the water content of the first 
subject normalised to ICBM standard space is shown. In comparison, the lower 
right corner, denoted by number 36, shows the final iterative atlas for the chosen 
random order of subjects. For simplicity, only one representative slice of each 
individual preliminary atlas of the first subject order (A1) is shown for 
demonstration purposes. Due to the averaging of the water content maps, strong 
partial volume effects are visible. This is especially expressed in the region of the 
ventricles which almost disappear in number 10 (number 24, 30, 34) and appears 
considerably strong in the following number 11 (number 25, 31, 35) again.  
Table 3 gives an overview of the average water content of the different brain 
segments and their corresponding standard deviations for both atlases. In 
comparison to the other approaches, both iterative atlases show a better 
anatomical accuracy, but comparable average standard deviations. 
 
 Mean H2O content 
of WM [%] 
Mean H2O content 
of GM [%] 
Mean H2O content 
of CSF [%] 
Atlas A1 71.85 79.82 89.01 
Atlas A2 72.96 82.47 91.7 
Standard 
Deviation (A1) [%] 
3.05 7.05 10.54 
Standard 
Deviation (A2) [%] 
3.06 6.88 9.67 
Table 3: Average water content of GM, WM and CSF of the two iterative water content atlases, A1 
and A2, with the average absolute standard deviation for each tissue type. 
 
The GM and CSF water content for atlas A2 is approximately 2% higher than for 
atlas A1. Furthermore, the average absolute standard deviation of the water 
content in CSF of atlas A1 is approximately 1% higher than that of atlas A2. In 
contrast, the standard deviations of GM and WM show comparable results 
between both approaches. 
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Figure 36: Two iterative water content atlases, denoted by A1 and A2 based on a different random 
order of subjects and their corresponding standard deviations. 
 
 
Figure 37: Intermediate steps of the iterative atlas for one chosen random order: Starting in the 
upper left corner with a single subject (1), the next subject is normalised to (1) and a new atlas (2) 
consisting of two subjects is created. Continuation of this procedure, an iterative atlas consisting of 
36 subjects is calculated as shown in the lower right corner of the image (36). 
The average water content distribution for both atlases is shown in Figure 38. Both 
show identically maxima in WM (71.8%), but a shift of approximately 2% in the GM 
water content peak is visible. As depicted on the right hand side of Figure 38, the 
two peaks in the histogram of A2 are better separated than in the corresponding 
histogram of A1, which is also reflected in the slightly higher standard deviation of 
atlas A1 (Table 3). Nevertheless, both histograms, especially for high water 
A2 A 1 A 2 
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content, are much broader than the corresponding distributions for the other two 
approaches investigated, see Figures 29, 23 and 35. 
 
 
Figure 38: The histograms show the water content distribution of the atlases A1 (left) and A2 
(right). Both show identically maxima values in WM (71.8%), but a shift of approximately 2% in the 
GM water content peak. 
 
Finally, from the individual standard deviations, the standard error for all seven 
newly developed quantitative atlases was calculated and is plotted in Figure 39. All 
seven approaches investigated converge to a standard error of approximately 2% 
after all 36 subjects are included. The second approach using two separate 
subjects as starting template for the atlas development shows differences of 1% in 
the standard error for the use of different subjects. Whereas the different kernel 
size during the spatial normalisation does not show any significant difference.  
 
Both iterative atlases show a similar error evolution, but A1 has a standard error of 
approximately 1% higher than A2. But both converge at approximately 2% 
standard error. 
 
According to the shape of all the curves, no clear cut–off or flattening is evident, 
but from the general trend of all curves it can be assumed that with increasing 
number this regime will be reached.  
 
 
Figure 39: Standard error evolution of all seven atlases plotted in dependence on the number of 
subjects contributing to the atlas.  
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5.6. Discussion & Prospects II 
In the current work, the first quantitative brain atlas which contains information 
about the spatial distribution of the absolute cerebral water content has been 
developed based on datasets from 36 healthy volunteers. Different approaches for 
the generation of such an atlas were evaluated and analysed in order to 
investigate systematic changes as no gold standard for a quantitative water 
content atlas currently exists. A reliable and reproducible atlas requires that 
systematic fluctuations of the originally measured water content for each subject 
are as small as possible. Furthermore, statistical fluctuations are important and 
should be minimised, although their influence on the result is probably not as 
relevant as that of systematic effects, as these can be kept in check by increasing 
the number of subjects contributing to the atlas. Nevertheless, especially if many 
specialised atlases are to be created, such as age and gender specific atlases, the 
number of volunteers contributing to each atlas is typically limited as logistical and 
organisational constraints also need to be considered in this context. Moreover, 
especially for the older population, it is increasingly difficult to find healthy 
volunteers who meet all inclusion criteria.   
 
Based on the validated protocols (described in 5.1.1), quantitative data sets of 36 
volunteers, representative of a young and healthy population, were acquired. The 
acquired data consisted of a quantitative water content, T1 and T2
* map with full 
brain coverage and a resolution of 1x1x1.5mm3. The total acquisition time of the 
whole protocol was approximately 30 minutes.  
 
For the development of a quantitative water content brain atlas, it is important to 
highlight the fact that this atlas should be used as a sensitive reference tool for the 
detection of diseases related to a pathological change in tissue water content. 
Therefore, it is very important to include possible physiological variations of the 
water content in a healthy population such as dehydration in the water content 
atlas, but excluding internal diseases which might modify the brain water content. 
Furthermore, according to previous experiments in-house, investigating the 
influence of the hydration status on the brain water content, it was not regarded as 
necessary, to explicitly check the individual hydration status of the volunteers. The 
blood-brain-barrier keeps the brain water content constant even after exhaustive 
sportive exercise or dehydration. Several studies have tried to investigate the 
effect of controlled dehydration and rehydration on the brain volume using MRI 
and voxel wise analysis such as SIENA (Structural Image Evaluation, using 
Normalisation, of Atrophy) by FSL (Duning 2005, Kempton 2007). The volumetric 
changes reported were below 1% for dehydration as well as for rehydration 
(Duning 2005). Kempton et al. (Kempton 2007) did not report any change in total 
brain volume but an increase in ventricular volume in some of the volunteers. 
None of these studies were performed using a quantitative measurement 
technique. 
 
The average water content of all 36 volunteers investigated was determined to be 
70.97% in WM and 81.00% in GM, respectively. Those average values match very 
well with values reported previously (Tofts 2003). The age and gender specific 
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dependence of the brain water content, as reported by Neeb et al. (Neeb 2006b) 
has not yet been taken into account for the generation of the atlas. Since only 36 
data sets were acquired, the main focus of the presented work was the generation 
of a quantitative atlas with a systematic investigation of different approaches, 
rather than developing age and gender specific templates. However, based on the 
work presented here, the generation of age and gender specific atlases is 
straightforward, and this approach will be taken in the near future. 
 
For the younger population, between 20 years and 50 years, the average water 
content does not differ significantly between male and female subjects. However, 
especially in young women, a slightly, although not statistically significant, higher 
water content in GM and WM was observed in comparison to the corresponding 
water content in male subjects. These findings correspond well with previously 
published results by Neeb et al., where the age and gender dependence of the 
cerebral water content was investigated (Neeb 2006b). Due to the 
underrepresented age groups above 50 years, the results of the water content 
measurements need to be validated in a larger number of volunteers.  
 
Seven different approaches to develop a quantitative water content atlas were 
investigated in this work. The goal of these approaches was: (1) to investigate how 
many subjects were necessary to form an optimised water content atlas; and (2) 
which approach minimised statistical and potentially systematic errors. However, 
due to a the lack of a ‘gold-standard’ for localised brain water content in vivo, it is 
not obvious how to define characteristic parameters in order to identify the most 
stable and reliable result. In the current work, the voxel-wise standard deviations 
of the water content distribution were calculated and displayed as a standard 
deviation map from which average values for white and grey matter as well as 
CSF were recorded. Furthermore, the standard error as defined by standard 
deviation divided by the square root of the number of subjects was calculated as a 
function of the number of subjects contributing to the atlas. The corresponding 
curves provide information about (1) the approach which results in the lowest 
standard error and (2) if the curve converges to a specific value. In the latter case, 
one could conclude that adding more subjects, which reduces the standard error 
proportional to the square root of the number of subjects, does not reduce the 
error. In this case, the error is dominated either by a systematic or physiological 
effect, or a combination of the two. 
 
The smallest average standard error was observed for the second approach 
where water content maps were directly normalised to the water content map of a 
randomly chosen subject (No. 18, in this case). However, this approach of using a 
single random subject as a template is not reproducible and reliable. This is quite 
evident from the average standard error of the second approach using a different 
single subject as template (No. 3) which is approximately 2% higher than using 
subject No. 18. Accordingly, for both approaches, the standard error converges to 
approximately 2% (as for all further approaches) but it is still necessary to 
determine if an increased number of subjects would further reduce the standard 
error. Nevertheless, both approaches, using the ICBM standard template and a 
single subject template, are independent of the subject order, since all subjects 
are warped into the same stereotactic space by using the same template. 
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A further advantage of the ICBM approach, which cannot be disregarded, is the 
use of the well-accepted ICBM standard space. Therefore, it is very convenient 
and easy to use due to a standardised coordinate system and it is easily 
accessible to the public.  
 
Using the single subject approach introduces a large bias of the specific anatomy 
of the chosen subject into the final atlas, whereas the first approach represents an 
average subject anatomy as it is referring to the MNI template.  
Changing the kernel size of the smoothing filter during the spatial normalisation 
process from 4mm to 8mm leads to a slightly more blurred final atlas, but does not 
significantly influence the final standard error where changes are smaller than 
0.2%.  
 
The last approach, iterative generation of the atlas using a randomly chosen order 
of subjects, shows a large influence of the precise order in which subjects are 
used. Due to the large and significant intersubject anatomical variability, the 
normalisation of such an iterative process induces larger errors in the warping of 
the individual brains which results in larger standard deviations, especially in the 
CSF as compared to the other approaches. A crucial point is the use of different 
templates for the individual subjects. Even if the final resulting atlases of this 
approach appear less blurred than all others and the standard error is for atlas, 
A2, is as good as for the standard approach, it strongly depends on the order of 
subjects and their anatomical variability. Remarkably, during the evolution of the 
atlas, there is the repeated appearance and disappearance of the ventricles in one 
identical slice of all atlas steps due to large partial volume effects. Nevertheless, it 
provides the highest anatomic accuracy of all approaches and the final standard 
error converges to 2 %. In particular, for applications where small local differences 
in the water content need to be investigated, such as the detection of GM lesions 
in MS patients, this atlas might provide a better reference basis for statistical 
comparisons.  
 
One central and extremely important aspect for the development of the atlas is the 
normalisation algorithm. In regions with high spatial frequency, where the water 
content is changing rapidly, a large bias due to the inexact nature of the 
normalisation process is introduced, resulting in large standard deviations. This 
effect is more prominent in the regions with decreased values of the CSF and GM 
water content, at the outer border of the brain. Here, it might be reasonable to 
replace the mean water content with an unbiased median estimate or to calculate 
the atlas water content only from voxels with water content larger than zero. 
Moreover, a more robust measure of the standard deviation such as the minimum 
covariance determinant (MCD) algorithm (Rousseeuw 1999) might be employed, 
probably using pre-segmented data sets. This approach, which allows for a 
sensitive removal of outliers, should significantly reduce the bias introduced by 
comparing for example voxels of GM of one brain with voxels of WM of another 
brain. The reduced standard deviation would directly result in an increased 
sensitivity to detect differences between an individual subject and the water 
content atlas as well as an increased visibility of more anatomical details. The 
latter effect might be advantageous for the normalisation process as a larger 
portion of the grey level space is occupied which will restrict the possible solution 
space of the objective function underlying the normalisation process. 
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In addition to an investigation of differences between an individual water content 
map and the atlas based on the random error alone, spatially dependent 
systematic errors can easily be introduced. Such errors might result from a 
deviation of the measured signal decay curve from a single exponential function in 
regions with strong magnetic field gradients (Neeb 2008, Neeb 2006b). As the 
magnetic field distribution can easily be mapped using the phase evolution data 
also acquired with the QUTE-S0,T2* sequence (Shah 2000; Neeb 2008), it can be 
incorporated in order to produce a corresponding atlas for the distribution of 
systematic errors. Furthermore, it was shown above that the accuracy for the 
water content measurement in CSF might be reduced due to significant deviations 
of the measured signal intensity from the Ernst model. Such T1- and T2-dependent 
systematic effects should be included in the statistical analysis, as this effect 
depends heavily on the sequence parameters employed, viz repetition time, 
number of slices and flip angle, which are different between atlas and the standard 
protocol defined for the investigation of diseases (Neeb 2008). 
 
Comparing the water content histograms, all seven atlases lead to good 
separation of the different tissues in the brain. But due to the blurred results, the 
maximum GM water content of 83-84% is slightly higher than the GM water 
content of all subjects averaged using the native water content maps which is 
81.0% for GM. This can be explained by a non-perfect normalisation process 
which results in an effective partial volume effect, as water content values from 
different compartments (WM, GM and CSF) in different subjects are averaged. 
This effect is especially severe at borders between different tissue types. 
Therefore, it can be expected that the partial volume averaging is most prominent 
in the sulci of the cortical surface, resulting in an effective averaging of GM and 
CSF water content with a corresponding increase of the average GM and 
decrease of the average CSF water content. Also the latter effect is visible in all 
atlases where the visible CSF compartment is significantly reduced in comparison 
to the native, non-normalised water content maps (see Fig 27). 
 
In summary, the first quantitative water content brain atlas in vivo was developed 
in the current work. Using the approach of normalisation to ICBM standard (first 
approach) provides a very stable and reliable result, representing the average 
water content of a healthy population and a certain intersubject anatomical 
variability based on MNI coordinates. The iterative approach shows a higher 
anatomical accuracy, but strongly depends on the order of subjects. The final 
random error for both approaches converges to 2% for approximately 35 subjects. 
The choice of the final water content atlas is strongly dependent on the 
application. For example, for the detection of small local differences in the water 
content such as GM lesions in MS patients a high anatomical accuracy is 
mandatory. Whereas, for the detection of WM lesions the standard water content 
atlas in ICBM standard space may provide further information and direct access to 
the exact coordinates of the lesions and therefore the possible physiological 
effects. In addition, the reconstructed quantitative T1 and T2
* atlases provide 
further and supplementary information of the different brain tissues. Therefore, all 
three atlases form a solid basis for further development, especially for the 
investigation of diseases such as MS or HE, which show pathological changes in 
relaxation times and/or tissue water content. 
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Future developments will include an increased number of subjects in order to 
investigate the minimum number of subjects necessary to create a stable water 
content template. Another important point refers to the more specific choice of 
volunteers in order to produce gender and age specific templates. Here, the aim is 
to produce several templates representing different decades, e.g. ages between 
20-30years, 30-40years, and so on. 
 
Finally, for the comparison of data from patients suffering from MS to that of 
healthy controls, a combination of all three atlas types could provide useful 
information regarding disease progression and lesion type. This is also discussed 
in more detail in the following chapter. 
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6. APPLICATION TO MS 
Multiple sclerosis is one of the most widespread neurological diseases amongst 
young adults and is characterised as a chronic autoimmune disease which attacks 
the central nervous system. In general, focal lesions can be found in brain and in 
spinal cord which result from processes such as demyelination of neurons, 
inflammation, or axonal loss. Since these lesions can be present everywhere in 
the central nervous system, many different neurological symptoms such as 
impaired vision or walking disabilities can appear. From the clinical course of the 
disease, four different subtypes of MS can be distinguished:  
 
! Primary-progressive (PP) 
! Secondary-progressive (SP) 
! Relapsing-remitting (RR) 
! Progressive-relapsing (PR). 
 
The most widespread form of MS is the relapsing-remitting MS. Here, relapsing 
periods are followed by partial or complete recovery.  
 
Using conventional MRI, lesions can be clearly detected, especially those located 
in white matter (WM). As a gold standard for image-based MS diagnosis, the so-
called FLAIR (FLuid Attenuation Inversion Recovery) sequence has become 
established as the method of choice. Due to the high water content of lesions with 
an accompanied increase of T2, they are usually covered by bright fluid signals in 
normal T2-weighted sequences. By setting the inversion time (TI) to the zero 
crossing point of the cerebrospinal fluid (usually TI=2500ms at 1.5 Tesla), the 
signal from that compartment is suppressed resulting in a more sensitive 
delineation of (periventricular) lesions. Although lesions are clearly visible on 
standard MR images, no definite conclusion about the subtype or even an 
individual prediction of the future course of the disease is possible based on 
conventional imaging findings. To compound matters, there exists a clear 
mismatch between lesion load as determined by MRI and clinical symptoms 
(Filippi 1995). 
 
The application of quantitative imaging might provide additional information for a 
more accurate diagnosis or a more objective monitoring of therapeutic 
interventions. Previously, it has been reported that the water content of MS lesions 
in WM is approximately 6.3% higher compared to that of healthy WM (Laule 2004; 
Wirtz 2008). Furthermore, preliminary results point to significant changes in the 
correlation between the three quantitative MRI parameters T1, T2* and water 
content in normal appearing white matter (NAWM) (Wirtz 2008). These 
correlations were significantly different in a group of MS patients in comparison to 
a healthy control group. Importantly, such investigations require quantitative data 
sets in order to determine quantitative correlation coefficients. Based upon these 
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considerations, the approach to quantitative mapping of tissue water content 
described in chapter 3.3, was applied to MS in conjunction with the water content 
atlas described in chapter 5. This enables a quantitative investigation of 
longitudinal changes of the water content in MS patients and a localised 
comparison between cerebral water content distribution in MS and the water 
content atlas which represents the average brain water content in a healthy 
population. In the following, the proof-of-principle experiments are presented which 
provide a good basis for further investigations. 
 
The work described in the previous chapter, on the rigorous and thorough 
construction of a water atlas, would be incomplete if not vindicated through 
application. Although application of the water atlas was not the main trust of the 
work of this thesis, it was nevertheless decided that inclusion of proof-of- principle 
studies should be carried out. This chapter details one such study. The numbers of 
patients is small but the results, because they are quantitative, can be regarded as 
accurate and precise ‘snapshots’ of the water content in the brain and the lesions 
at the moment of the experiment; this is true under all of the various experimental 
conditions such as medication etc. pertaining at the time. Naturally, a larger and 
more systematic study cannot be replaced by the results presented here. The 
planning and the prerequisites for such a study are also discussed herein. 
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6.1. Subjects & Methods 
In total, water content maps of five clinically definite MS patients were acquired 
using a slightly modified version of the water content protocol described by Neeb 
et al. (Neeb 2008). Two patients were measured at only one time point. For a third 
patient, two time points separated by a time interval of eight weeks were acquired. 
The subtype of disease and medical treatment were unknown for all three patients. 
An additional two patients were monitored during therapy with Natalizumab 
(Tysabri) which is a selective adhesion molecule inhibitor (Polman 2006). 
The water content maps of all patients were normalised to ICBM standard space 
and coregistered to the standard water atlas as described in chapter 5.4., 
subsection ‘Normalisation to ICBM standard space’.  
 
After normalisation, the water content of each MS patient was compared to the 
standard water content brain atlas, using voxel-by-voxel one-sample t-tests and 
displayed as a t-map, overlaid on the corresponding 3D data set. Before 
overlaying the t-maps on the 3D data sets, the t-maps were segmented according 
the apriori information of the GM, WM, and CSF templates provided by SPM5 
(Wellcome Department of Cognitive Neurology, www.fil.ion.ucl.ac.uk). In this 
preliminary study the main focus was the detection of WM lesions. The mean 
water content of the clusters, resulting from the t-test, was calculated in plane.  
 
Two patients were monitored during therapy with Tysabri, as Polman et al. 
(Polman 2006) showed a reduction of sustained progression of disability by 42% 
over two years under therapy, as well a reduction in the number of lesions by 92%. 
In order to investigate possible direct effects of Natalizumab on the cerebral water 
content, especially within lesions, patients were scanned twice. The first time point 
was 24 hours prior to therapy treatment whilst the second scan was performed 24 
hours afterwards. The water content maps of both time points were coregistered to 
each other and the distribution of the absolute water content was plotted in 
histograms. 
 
All experiments were performed on a standard clinical 1.5T scanner (1.5T 
AVANTO, Siemens Medical Systems GmbH, Erlangen, Germany). In comparison 
to the standard protocol (set_50, see chapter 5.1.), the repetition time of the 
QUTE-S0,T2* was increased to 84 ms, to allow for a more precise measurement of 
T2*, which is especially relevant for an automated segmentation of MS lesions 
(Lang 2008). This change increased the total scan time of the protocol by seven 
minutes. The following protocol was performed: 
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A) QUTE-S0,T2*: TR=84ms, 50 slices, slice thickness 2mm, TE=4.8ms, 20 time 
points with an echo spacing of 3.53ms, flip angle !=40°, magnitude and 
phase data were measured. 
B) QUTE-ST1(1): TR=14ms, 50 slices, slice thickness 2mm, TE=4.8ms, 2 time 
points with an echo spacing of 3.53ms, flip angle !=70°, magnitude data 
were measured. 
 
The FoV was 192x256mm2 with a matrix size of 192x256 resulting in a nominal in 
plane resolution of 1x1mm2. The bandwidth per pixel (BW) was fixed to 290 Hz/Px. 
In addition to the QUTE measurements, two EPI measurements with different 
nominal flip angles of 30° and 90°, respectively, were performed in order to correct 
for B1 inhomogeneities, as described in chapter 3.3. QUTE and EPI 
measurements were performed using the body coil for signal transmission and a 
4-channel-phased-array-head-coil for signal reception. Furthermore, a third EPI 
measurement was performed with a nominal flip angle of 90° using the body coil 
for signal transmission and reception to correct for receiver coil imperfections (see 
chapter 3.3.). Identical parameters were used for all three EPI measurements: 
TE=17ms, FoV=192x256mm2, matrix size of 48x64, 50 slices, slice thickness of 
1.5mm, BW=2895 Hz/Px. 
 
In addition to the QUTE and EPI acquisitions, a T1-weighted 3D MPRAGE with a 
FoV of 240x240mm2, 128 slices and a matrix size of 256x256x128 was acquired in 
order to obtain an anatomical reference frame.  Further, a FLAIR acquisition with 
following parameters, as suggested by the Consortium of MS Centres (Simon, Li 
et al. 2006), was performed: 24 slices, slice thickness 5mm with a distance factor 
of 30%, TR=9000ms, TE=109ms, T1=2500ms. This sequence is used as a ‘gold-
standard’ in MS diagnosis and serves as possibility of comparison. The total 
acquisition time of all protocols was approximately 20 minutes.  
 
All presented water content maps were reconstructed using the QI fitting tool 
described in chapter 5. Further spatial processing such as normalisation and 
coregistration was performed using SPM5 with MATLAB 7.4 (The MathWorks, 
Natick, MA, USA). The skull of the final water content maps was removed with the 
Brain Extraction Tool (BET) from FSL (FMRIB Analysis Group, Oxford, UK, 
www.fmrib.ox.ac.uk/analysis). 
 
Histograms showing the water content distribution were calculated using extracted 
and segmented brain data. For the segmentation of the water content maps, the 
T1 maps were used for a threshold segmentation in Matlab. Here, the CSF 
compartment was removed from the water content maps. Finally, the water 
content distribution and the distribution of the longitudinal relaxation time, T1, over 
all slices acquired, were calculated for GM and WM. 
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6.2. Results  
In the left column of Figure 40, two slices of the water content map of one of the 
patients investigated are shown. Lesions in WM are clearly visible (see red arrows 
for six selected lesions). The right column of Figure 40 shows the corresponding 
slices of the t-maps after the native MS water content map was coregistered to the 
standard brain water content atlas. Slice 23 is representative for four large lesions 
in the vicinity of the ventricles as often observed in a large number of MS patients. 
In slice 25, four lesions in the upper WM are apparent. The increased water 
content in lesions results in t-values ranging between 8 and 15 in the t-maps. The 
mean water content in the marked clusters in plane (numbered 1 to 8) of the water 
content maps of the MS patient was calculated. Compared to the same region in 
the standard water content atlas, the water content in the lesions is between 11 
and 18% higher. The calculated t-maps were overlaid on the normalised 3D data 
set of the specific subject and the statistical inference was based on a p-value 
below 0.05.  
 
 
Figure 40: In the left column, two slices of the water content map of a patient suffering from MS are 
presented. As shown by the red arrows, lesions prominent in WM are easily visible due the higher 
water content compared to the surrounding WM. The right column shows the corresponding t-
maps, overlaid on the 3D data sets after matching the patient data to the water content atlas. The 
green numbers denote the clusters of the t-map. 
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Figure 41 depicts t-maps of two more patients with unknown disease subtypes. 
Here, the heterogeneity of MS data is clearly visible. In the left t-map of patient 1 
only a few small lesions with t-values up to nine are evident. Whereas the t-map of 
patient 2 on the right side of Figure 41 shows much bigger lesions with higher t-
values (up to twelve). The mean water content in the lesions of this slice ranges 
between 77 and 85.5%. 
   
Figure 41: T-maps of two different MS patients, overlaid on the 3D data sets after matching the 
patient data to the water content atlas. In patient 1 (left) only small lesions in WM are visible, 
whereas in the right t-map of the second patient bigger lesions in WM with higher t-values can be 
seen. 
 
Patient 1 was scanned at a second time point, after an approximate eight week-
time interval between the two MR scans. Within this time frame this patient did not 
show any significant changes in the global water content of the brain and the 
individual lesion development. The mean water content in the lesions of the slice 
presented, ranges between 78 and 82% for both time points. This patient did not 
receive any specific medical therapy to reduce inflammation. 
 
Figure 42 shows the histogram of the water content distribution of two time points 
for a patient undergoing Tysabri therapy, and  
Figure 43 represents the T1 distribution of the corresponding time points. Before 
calculating the distributions, the water content maps of both time points were 
coregistered to each other. The blue line denotes the base line scan before 
treatment with Tysabri. Comparing the first time point with the second (green line) 
shows an average global water content decrease of 1.5%. Accompanied with the 
decrease of the water content is a reduction of T1 as can be seen in  
Figure 43. Furthermore, it is noticeable that only WM is affected by the decrease in 
the water content (Figure 42). In Figure 42, no clear grey matter (GM) peak can be 
distinguished. Due to an atrophy of GM which was often reported in MS patients 
(Tekok-Kilic 2007), the peak for GM, which is approximately at 80% for water 
content and at approximately 1100ms for the T1 distribution, is not clearly 
distinguishable. For verification, the water content maps of a healthy volunteer and 
the MS patient were segmented and the GM pixels of all 50 slices were counted. 
Due to GM atrophy, there is a significant decrease of 50% in the GM pixel count of 
the MS patient.  
Patient 1 Patient 2 
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Figure 42: Histogram of the water content distribution of both time points (time difference 8 weeks) 
with a clear peak at 69.0% and 70.5%, respectively. Due to GM atrophy, no clear GM peak for both 
time points can be distinguished.  
 
Figure 43: The T1 distribution for both time points is displayed. A clear peak at 760 and 740ms, 
respectively for WM is visible. Due to GM atrophy, the GM peak cannot clearly be determined in 
the T1 histogram. 
 
Additionally, the water content maps of both time points were matched to the water 
content brain atlas and the calculated t-maps are shown in Figure 44. According 
the t-maps, the water content in the lesion was not reduced significantly from the 
first to the second time point, but the shape of the lesion changed slightly. The 
mean water content of the lesion (in plane) is 82.3%. After the coregistration of the 
brain-extracted water content maps, the difference map of both water content 
maps was calculated. The difference map is not shown here, since no significant 
global changes in the water content were identified. 
 
Figure 44: Water content maps of both time points (TP 1 and TP 2) from an MS patient undergoing 
Tysabri therapy were matched to the water content brain atlas and compared in a one-sample t-
test. The resulting t-maps overlaid on the 3D data set are shown. The water content of the lesion 
shows no significant reduction, but a slight change in the shape of the lesion. 
TP 1 TP 2 
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Figure 45 depicts five different slices of the t-maps of two time points within a 24 
hours time frame of another patient, receiving the same therapy as described 
above. Since this patient has several lesions as well as the so-called “dirty 
appearing white matter”, the lesions are not explicitly highlighted. The upper row 
shows five consecutive slices of the scan before receiving therapy, whereas the 
lower row shows the corresponding slices after therapy. No significant changes in 
lesion development or water content were observed within the 24 hours time frame 
(Figure 45). The mean water content of the lesions presented, ranges between 76 
and 87%. 
 
 
Figure 45: Water content maps of both time points (TP 1 and TP 2) from an MS patient undergoing 
Tysabri therapy were matched to the water content brain atlas and compared in a one-sample t-
test. T-maps of five consecutive slices overlaid on the 3D data set are shown. Within the time 
frame of 24 hours no significant changes were found. 
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6.3. Discussion & Prospects 
Preliminary experiments to investigate one of the most widespread neurological 
disease amongst young people using quantitative MRI have been shown here. 
The acquired quantitative water maps of MS patients were coregistered to the 
newly developed quantitative water content brain atlas in order to automatically 
detect WM lesions. 
 
Two patients receiving Tysabri therapy, an anti-inflammatory agent, were 
measured twice, 24 hours before and after Tysabri therapy. Furthermore, data of 
three clinically defined MS patients with unknown subtype of the disease were 
measured, in order to successfully prove the underlying principle of comparison to 
the atlas and to demonstrate the heterogeneity of MS data. 
 
Comparing water maps of MS patients to the water content atlas using a one-
sample t-test, led to clearly defined WM lesions with t-values between four and 
sixteen. As previously described (see chapter 5), the atlas consists of 36 water 
content maps of young and healthy volunteers which were normalised to ICBM 
standard space and averaged to create the final water content atlas. Due to the 
averaging and the geometric transformation the resulting atlas shows an implicit 
smoothing which leads to increased water content values in the region of CSF.  
In order to avoid a possible blurring of MS lesions, unsmoothed MS data were 
coregistered to the atlas.  
 
Using the one-sample t-test to compare the unsmoothed data of MS patients to 
the implicitly smoothed water content atlas, may result in regions of increased t-
values (false positives) especially at the border of GM/CSF. Due to this fact, all 
quantitative water content maps were segmented using a priori tissue probability 
maps before performing the statistical comparison in WM only. The mean water 
content of the lesions in-plane was calculated and was, on average, in the range 
between 76 and 90%; this is considerably higher than the water content of 
approximately 71.5% in corresponding regions of the standard water content atlas. 
 
According to the histograms of one patient, receiving Tysabri therapy, changes in 
the water content, which are mainly prominent in WM, were displayed. 
Remarkably, the peak of GM, which should usually be at approximately 80% water 
content, is shifted to 85% and shows a lower amplitude and broader distribution. In 
the histogram of the T1 distribution this effect is not visible since no GM peak could 
be detected. This effect might be due to GM atrophy which has previously been 
reported by Tekok-Kilic (Tekok-Kilic 2007), where they used T1-weighted images 
to perform a voxel-wise comparison of the cortical volume of MS patients at 
different time points. Loss in cortical volume is related to cognitive impairment in 
MS patients and is therefore an important marker of disease evolution. Since the 
water content distribution of the GM peak is not as broad as the corresponding T1 
peak of GM, careful analysis of the water content distribution may lead to a better 
determination and understanding of GM atrophy in MS patients. 
Contrary to the histogram results in both patients receiving Tysabri therapy, no 
significant change in the water content in the lesions or in the global brain water 
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content was detected, using the t-maps. A detailed study of Polman et al. (Polman 
2006) with a very large patient pool presented a reduction of MS lesions by 43% 
under Tysabri therapy over the course of two years in non-quantitative T2-
weighted images. 
 
Due to previous experiments with patients under Tysabri therapy, the time points 
were chosen close to each other because patients often reported of positive 
cognitive effects within 24 hours or directly after Tysabri therapy.  
 
For future work, it is recommended to monitor the evolution of long term 
therapeutic effects and acquire new quantitative data of these patients in a few 
months. Another improvement is the detailed analysis of the calculated clusters 
(=lesions) regarding quantitative numbers for water content or relaxation times in 
3D. 
 
T-maps of one patient with unknown subtype and therapy were calculated at two 
time points separated by eight weeks. No clear region or even lesion specific 
changes were found following the eight weeks. Since the disease subtype and the 
medical treatment were not known and misregistered pixels cannot clearly be 
excluded, no concrete conclusions can de drawn. For example, Tan et al. (Tan 
2001) acquired T2-weighted scans at four different time points, coregistered the 
time points to each other and the lesion evolution was assessed by six 
independent observers. They observed changes in the lesion development and 
the appearance of new lesions over a time course of six months. 
 
According to the literature, and the presented preliminary observations, one may 
conclude that with a detailed and careful planning of disease monitoring, changes 
to the lesions should be visible, and a possible change in the disease pattern 
might be predicted by the use of quantitative MRI. The results presented here are 
preliminary experiments with the main focus on the validation of the underlying 
hypothesis to automatically detect WM lesions in MS patients on a voxel-by-voxel 
comparison to the standard water content atlas. Further investigations, with a 
larger patient population and clearly defined groups of subtypes of the disease are 
necessary in order to be able to find a relationship between the changes of the 
water content in the lesions and the aetiopathology. Additionally, the coregistration 
algorithm needs to be carefully investigated and tested.  
 
Another very promising approach and advantage of the proposed methods, is the 
implementation of the two other atlases (T1 and T2
*), in order to investigate a 
possible correlation of the water content in the lesions to the corresponding 
relaxation parameters. As previously investigated by Wirtz et al. (Wirtz 2008) 
global changes in the mean values of water content, T1 and T2
* and the individual 
correlations in grey and white matter of MS patients versus controls were 
observed. Furthermore, correlations of the three parameters showed local 
changes between lesions and surrounding tissue. These findings are very 
preliminary results, since they were measured in a very small patient population, 
but prove that the correlation of the parameters contains useful information and 
could serve as a very distinctive and diagnostic tool for the different subtypes of 
MS. Here, the development and use of the combined parameter atlases of H2O, T1 
and T2
*, could lead to a better knowledge of the different correlations in a healthy 
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population and could finally lead to a more precise diagnosis of different diseases 
related to a pathological change in one or more of these parameters.  
 
With the presented comparison to the quantitative water content atlas and the 
suggested improvements, the huge heterogeneity and variety of MS lesions is no 
longer an obstacle for an automated detection of lesions, and allows for a careful 
and quantitative interpretation of disease monitoring.  
 
All results presented here are preliminary because only a small number of MS 
patients was investigated and the subtypes of disease were mainly unknown. 
Nevertheless, it was shown that the developed quantitative water content atlas is 
useful a priori information for automated lesion segmentation and might provide a 
basis for the discrimination of early lesions with only a small increase in water 
content.  
 
A comparison of NAWM of MS patients to the atlas provides information of local 
changes and may predict the possible development of new lesions. 
In general, quantitative MRI serves as an objective tool for diagnosis and possible 
earlier detection of lesions. Standard MRI can only observe and monitor 
morphological changes of lesions, but often a change in the water content appears 
much earlier than a morphological change. 
 
The combination of atlas-based features of H2O, T1 and T2
* with clinical 
information would be the basis for a multidimensional analysis of characteristic 
disease properties which would finally allow for a much more individualised 
diagnosis and the prediction of future disease burden. To realise this, a well-
organised, and large multi-centre study with a large patient population is 
necessary. 
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7. APPLICATION TO ECT 
The approach to treat depressive disorders using ECT and its underlying 
mechanisms was highly and controversially discussed in the literature (Grahame-
Smith 1978; Endler 1988; Berrios 1997). ECT was successfully applied in elderly 
patients with severe depression but was often accompanied by confusion and 
memory dysfunction (Tielkes 2008). During EC therapy, seizures are applied in 
several sessions and always under anaesthesia. Depending on the specific type of 
depression, the treatment protocol is individually adjusted, using either uni- or 
bilateral stimulation with different dose.  
The controlled seizure leads to a quick de- and repolarisation of the neurons in the 
brain and an emission and distribution of different neurotransmitters. The complete 
effect of ECT is not fully understood and it may directly effect the endocrine 
system (Gordon 1948; Warner 1995). Several theories have been published either 
dealing with neurobiological or psychological hypotheses (Gordon 1948). Further, 
several studies which detected anatomical changes of the brain structure due to 
ECT (Coffey 1988) or changes in relaxation times (Scott 1990; Diehl 1994) have 
been published. According to Coffey et al. (Coffey 1988), ECT does not cause any 
brain damage or structural changes. Diehl et al. (Diehl 1994) have, however, 
observed a regional increase in T2, post ECT. 
 
None of the published studies used quantitative measures in order to investigate 
changes in the brain structure or composition. With due regard, therefore, the 
approach to quantitatively measure the tissue water content, as described in 
chapter 3.3, was applied to ECT patients in conjunction with the water content 
atlas described in chapter 5. MR scans were performed at different time points 
before and after ECT. 
 
The hypothesis for the work presented here is a possible change in the brain water 
content due to the quick shut down of the Blood-Brain-Barrier (BBB) according to 
the de- and repolarisation of the neurons at any time after the ECT.  The 
observation of regional increases in T2  post ECT would also tend to indicate that 
regional changes in water concentration might be implicated. 
 
In this very preliminary proof-of-principle study, the aim was to motivate the use of 
the quantitative water atlas. As with the study described in the previous chapter, 
the inclusion of only a few subjects is mitigated by the fact that, because of their 
quantitative nature, the results are an accurate and precise ‘snapshot’ of the water 
content in the brain at any given moment. The planning and prerequisites for a full 
study are discussed at the end of this chapter. 
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7.1 Methods & Subjects 
In a small pilot-study with two patients suffering from severe depression, water 
content was measured at different time points before and after ECT. The first 
patient was measured before the first ECT session (TP 1) and then two hours (TP 
2) and four hours (TP 3) after ECT. Usually, patients receive several sessions of 
ECT, twice per week and over a course of three weeks. Therefore, an additional 
two measurements  were performed two weeks after the first ECT on a second 
patient.  These additional measurements were two hours (1st TP after ECT) and 
four hours (2nd TP after ECT) after the last ECT. 
 
The hypothesis behind the second set up is the investigation of a possible 
addiction to the ECT treatment over the course of time. 
 
All experiments were performed on a standard clinical 1.5T scanner (1.5T 
AVANTO, Siemens Medical Systems GmbH, Erlangen, Germany). The 
parameters for the standard protocol (set_50, see chapter 5.1.) were used. The 
following protocol was performed: 
 
A) QUTE-S0,T2*: TR=42ms, 50 slices, slice thickness 2mm, TE=4.8ms, 10 time 
points with an echo spacing of 3.53ms, flip angle !=40°, magnitude and 
phase data were measured. 
B) QUTE-ST1(1): TR=14ms, 50 slices, slice thickness 2mm, TE=4.8ms, 2 time 
points with an echo spacing of 3.53ms, flip angle !=70°, magnitude data 
were measured. 
 
The FoV was 192x256mm2 with a matrix size of 192x256 resulting in a nominal in 
plane resolution of 1x1mm2. The bandwidth per pixel (BW) was fixed to 290 Hz/Px. 
In addition to the QUTE measurements, two EPI measurements with different 
nominal flip angles of 30° and 90°, respectively, were performed in order to correct 
for B1 inhomogeneities, as described in chapter 3.3. All measurements described, 
both QUTE and EPI, were performed with the body coil for signal transmission and 
a 4-channel-phased-array-head-coil for signal reception. Furthermore, a third EPI 
measurement was performed with a nominal flip angle of 90° using the body coil 
for signal transmission and reception to correct for receiver coil imperfections (see 
chapter 3.3.). The following parameters were the same for all three EPI 
measurements: TE=17ms, FoV=192x256mm2, matrix size of 48x64, 50 slices, 
slice thickness of 1.5mm, BW=2895 Hz/Px. Additionally a T1-weighted 3D 
MPRAGE with an FoV of 240x240mm2, 128 slices and a matrix size of 
256x256x128 was acquired.  
 
All the water content maps presented were reconstructed using the QI fitting tool 
described in chapter 5. Further spatial processing such as normalisation and 
coregistration was performed using SPM5 with MATLAB 7.4 (The MathWorks, 
Natick, MA, USA). The water content maps of all time points were coregistered to 
each other, matched to the standard water content atlas and a one-sample t-test 
was performed for each time point individually. The contribution of the longitudinal 
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relaxation time, T1, was calculated from the brain extracted water content maps 
over all slices acquired. 
Finally, the water content distribution over all slices acquired, was calculated for 
GM and WM and is plotted in a histogram. 
 
Furthermore, the contribution of the longitudinal relaxation time, T1, was calculated 
from the brain extracted water content maps over all slices acquired. 
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7.2 Results 
The first patient was measured at three different time points. The corresponding 
water content distributions over all slices for all three time points were calculated. 
Using the first time point as a baseline scan before ECT (TP 1), the average water 
content was reduced from 70.5% for WM and 81.0% for GM to 69% and 79% two 
hours (TP 2) and four hours (TP 3) after ECT. The water content distributions of all 
three time points are plotted in Figure 46. Here, it is remarkable that the area 
under the individual curves shows large differences, although it should be equal, 
since the number of voxels in the brain remains constant. From Figure 46 large 
differences in the number of voxels (‘Absolute Count’) between all three time 
points can be seen. 
 
Figure 46: Water content distribution of three different time points. The first time point (TP 1) was 
acquired before the ECT. The second and third time point were acquired two hours (TP 2) and four 
hours (TP 3) after ECT. Both time points after ECT indicate a reduction of 1% in the brain water 
content for WM and GM.  
In Figure 47 four slices of the t-maps of the first and the second time point are 
presented. In particular, the ventricles show higher t-values for both time points, 
indicating enlarged ventricular space in the patient compared to a normal and 
healthy population. The water content does not decrease generally and in 
particular, in regions around the ventricles, the water content is increased.  
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Figure 47: T-maps of four consecutive slices for the first two time points (TP 1 and TP 2) of the first 
patient. The overall water content is decreased, but there are regions, mainly surrounding the 
ventricles which show increased water content. 
 
For the second patient five time points were acquired. Figure 48 shows the plot of 
the water content distribution of all five time points. In Figure 48 the distribution of 
the T1 values at the different time points is presented. Here only a reduction of the 
water content at TP 3 (red line), four hours after ECT is visible. This corresponds 
very well with a decreased T1 of 610 ms at this time point. In these histograms the 
previously described effect of different integrals below the curves is not as strong 
as seen in the previous patient. Especially, at TP 3 (red line) the area below the 
curve is elevated.  
 
 
 
Figure 48: Water content distribution of five time points before and after ECT indicating a 
decreased water content at time point 3, four hours after ECT. The first time point (TP 1) was 
acquired before the ECT. The second and third time point were acquired two hours (TP 2) and four 
hours (TP 3) after ECT. Another two time points were acquired two weeks after the first ECT and 2 
hours and 4 hours, respectively, after the last ECT.  
TP 1: slice 18 TP 1: slice 19 TP 1: slice 20 TP 1: slice 21 
TP 2: slice 18 TP 2: slice 19 TP 2: slice 20 TP 2: slice 21 
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Figure 49: Histogram of the distribution of the longitudinal relaxation time for all five time points. At 
time point two (red line) a decrease in T1 off approximately 20m is apparent. 
In Figure 50, one slice of the t-map of TP 2 and TP 3 after matching to the water 
content atlas is presented. Again, the ventricles and the surrounding tissue show 
higher t-values for both time points. At TP 3 the t-values, especially in WM are 
decreased and nearly zero. 
 
Figure 50: One slice of the t-map of the second and the third time point after a one-ample t-test to 
the matched atlas is presented. Especially in WM the t-values at the third time point are lower 
compared to the second time point. 
TP 3: slice 19 
TP 2: slice 19 
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7.3 Discussion & Prospects 
Preliminary results are presented of a pilot-study with two ECT patients comparing 
water content to that of the quantitative water content atlas. Based on the results 
from two patients, caution is indicated in the interpretation of the results.  However, 
because the results are based on a quantitative methodology, it is still reasonable 
to examine the changes in the measured values and to draw patient-specific 
conclusions. The results suggest that there is a reduction in the overall water 
content after ECT, but also a region-specific increase. An enlargement of the 
ventricles was previously reported during the course of schizophrenia (Crespo-
Facorro, Barbadillo et al. 2007) and was clearly visible in the t-maps of the 
depressive patients in comparison to the water content atlas of a healthy 
population. 
  
The T1 relaxation time seems to be very stable over the course of therapy and 
showed only decreased values four hours after ECT. The T1- and T2
*
 - maps of the 
patients need to be carefully evaluated in comparison those of a healthy 
population.  
 
The main future focus of these experiments should be to understand the 
underlying mechanisms and responses in the brain provoked by the application of 
ECT. As such, carefully chosen and pertinent measurement time points of 
quantitative MR scans after therapy need to be evaluated. Slight changes in the 
water content two and four hours after therapy were detected here. Further 
measurements in the time frame of 24 hours after ECT need to be performed in 
order to investigate the exact variations of the brain water content. 
 
A major drawback of the results presented here is the quality of the data. 
Especially in the histogram of the water content distribution of the first patient large 
differences in the integral of the individual curves of the different time points are 
visible. Due to motion artefacts, which even qMRI is unable to overcome, the 
reconstructed water content maps showed large partial volume effects, leading to 
a huge mismatch in the coregistration and therefore the final segmentation of the 
different brain tissues, from which the average water content was calculated. 
Motion artefacts in the results of the second patient are visible as well but are 
considerably reduced. 
 
Further experiments are necessary in order to prove this conjecture in a large 
patient population in comparison to healthy controls. In addition, anatomical scans 
need to be analysed in order to investigate any region specific changes in the 
water content precisely. A possible influence of the therapeutic medical treatment 
and the anaesthesia on the water content needs to be investigated separately. In 
addition, the exact time frame of the possible variations of the brain water content 
needs to be determined.   
 
The work presented in this chapter demonstrates very clearly that motion artefacts 
remain a serious problem for qMRI, as indeed they are for all MRI methods. 
Clearly, then, for patient groups where motion is expected to occur, such as 
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Tourette, ECT, and Parkinson’s, modified methodology is required. Quantitative 
imaging based on parallel acquisition techniques, to reduce acquisition times, is 
certainly one promising approach to be investigated in future work. 
 
The suggested improvements and the availability of quantitative MR methodology 
to measure the water content provide a solid basis to better understand the 
underlying biophysiological mechanisms of ECT. Especially, the additional 
information of the relaxation time parameters, T1 and T2
* and its correlations may 
also provide further information. 
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8. FUTURE PROSPECTS 
The first quantitative water content brain atlas in vivo was developed in the current 
work. Two approaches, the approach of normalisation to ICBM standard and the 
Iterative Approach showed the most convincing results. Both represent the 
average water content of a healthy population and a certain intersubject 
anatomical variability. Whereas, the iterative approach shows a higher anatomical 
accuracy together with a strong dependence on the order of subjects, the first 
approach is based on MNI space and therefore allows for direct access to 
anatomical coordinates. The final random error for both approaches converged to 
2% for approximately 35 subjects.  
 
 
Future developments will include an increased number of subjects to create a 
stable water content template with a low random error. Another important point 
refers to the more specific choice of volunteers in order to produce gender- and 
age-specific templates. Here, the aim is to produce several templates presenting 
different decades, for example the age between 20-30 years, 30-40 years, and so 
on. 
 
The work presented here provides a good basis for further developments of the 
quantitative water content atlas. An age- and gender-specific temple is reasonably 
straightforward and the implementation of the methods at a field strength of 3T has 
already been performed. 
 
Since many other diseases such as HE or brain tumours are related to 
pathological changes in the water content and/or in the relaxation times, the 
atlases could serve many clinicians and neuroscientists. The distribution and 
further development of the digital atlases is relatively simple and straightforward. 
 
Additionally, the reconstructed quantitative T1 and T2
* atlases provide further and 
supplementary information of the different brain tissues. Therefore, all three 
atlases form a solid basis for further development. Furthermore, the introduction of 
correlation atlases of the water content and the T1 map atlas, respectively T2
* map 
atlas, is already work in progress. Especially for the development of diagnostic and 
therapy-monitoring possibilities for multiple sclerosis, this work and the further 
suggested improvements could contribute to new and better approaches. In the 
near future, a well-organised, large multi-centre study with a large patient 
population is planned.  
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